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Abstract
ABSTRACT
The behavior of concrete members reinforced with fiber reinforced polymer (FRP) bars 
has been the focus of many studies in recent years. Nowadays, several codes and design 
guidelines are available for the design of concrete structures reinforced with FRP bars 
under flexural and shear loads. Meanwhile, limited research work has been conducted to 
examine the axial behavior o f reinforced concrete (RC) columns with FRP bars. Due to a 
lack o f research investigating the axial behavior o f FRP reinforced concrete columns, 
North American codes and design guidelines do not recommend using FRP bars as 
longitudinal reinforcement in columns to resist compressive stresses.
This dissertation aims at evaluating the axial performance of RC compression members 
reinforced with glass FRP (GFRP) and carbon FRP (CFRP) bars and stirrups through 
experimental and analytical investigations. A total o f twenty seven full scale circular RC 
specimens were fabricated and tested experimentally under concentric axial load. The 
300 mm diameter columns were designed according to CAN/CSA S806-12 code 
requirements. The specimens were divided to three series; series I contains three 
reference columns; one plain concrete and 2 specimens reinforced with steel 
reinforcement. Series II contains 12 specimens internally reinforced with GFRP 
longitudinal bars and transverse GFRP stirrups, while series III includes specimens 
totally reinforced with CFRP reinforcement. The experimental tests were performed at 
the structural laboratory, Faculty o f Engineering, University o f Sherbrooke. The main 
objective of testing these specimens is to investigate the behavior o f circular concrete 
columns reinforced with GFRP or CFRP longitudinal bars and transverse hoops or spirals 
reinforcement. Several parameters have been studied; type o f reinforcement, longitudinal 
reinforcement ratio, the volumetric ratios, diameters, and spacing of spiral reinforcement, 
confinement configuration (spirals versus hoops), and lap length of hoops. The test 
results of the tested columns were presented and discussed in terms of axial load 
capacity, mode of failure, concrete, longitudinal, and transverse strains, ductility, 
load/stress-strain response, and concrete confinement strength through four journal 
papers presented in this dissertation.
Abstract
Based on the findings of experimental investigation, the GFRP and CFRP RC columns 
behaved similar to the columns reinforced with steel. It was found that, FRP bars were 
effective in resisting compression until after crushing of concrete, and contributed on 
average 8% and 13% of column capacity for GFRP and CFRP RC specimens, 
respectively. Also, the use of GFRP and CFRP spirals or hoops according to the 
provisions o f CSA S806-12 yielded sufficient restraint against the buckling o f the 
longitudinal FRP bars and provided good confinement o f the concrete core in the post­
peak stages. The axial deformability (ductility) and confinement efficiency can be better 
improved by using small FRP spirals with closer spacing rather than larger diameters 
with greater spacing. It was found that, ignoring the contribution o f FRP longitudinal bars 
in the CAN/CSA S806-12 design equation underestimated the maximum capacity o f the 
tested specimens. Based on this finding, the design equation is modified to accurately 
predict the ultimate load capacities o f FRP RC columns. New factors a g and a c were
introduced in the modified equation to account for the GFRP and CFRP bars compressive 
strength properties as a function in their ultimate tensile strength.
On the other hand, proposed equations and confinement model were presented to predict 
the axial stress-strain behavior of FRP RC columns confined by FRP spirals or hoops. 
The model takes into account the effect o f many parameters such as; type of 
reinforcement, longitudinal reinforcement ratio; transverse reinforcement configuration; 
and the volumetric ratio. The proposed model can be used to evaluate the confining 
pressure, confined concrete core stress, corresponding concrete strain, and stress-strain 
relationship. The results o f analysis using the proposed confinement model were 
compared with experimental database of twenty four full-scale circular FRP RC columns. 
A good agreement has been obtained between the analytical and experimental results. 
Proposed equations to predict both strength and stress-strain behavior of confined 
columns by FRP reinforcements demonstrate good correlation with test data obtained 
from full-scale specimens.
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Resume
RESUME
Le comportement des elements en beton arme de barres en polymeres renforces de fibres 
(FRP) a fait l’objet de nombreuses etudes au cours des demieres annees. A date, plusieurs 
codes et guides de design sont disponibles pour la conception de structures en beton arme 
de barres en PRF sous des charges de flexion et de cisaillement. Cependant, peu de 
travaux de recherche ont ete menes pour examiner le comportement axial des colonnes en 
beton renforcees avec des barres en PRF. En raison d'un manque de recherche portant sur 
le comportement axial des colonnes en beton arme renforcees de PRF, les codes nord- 
americains et les guides de conception ne recommandent pas l'utilisation de barres en 
PRF comme armature longitudinale dans les colonnes pour resister a des contraintes de 
compression.
Cette these vise a evaluer la performance axiale des elements en compression renforces 
de barres et des etriers en PRFV et PRFC a travers des etudes experimentales et 
analytiques. Ainsi, deux types d’etriers (armature transversale) en fibre de verre (PRFV) 
et en fibre de carbone (PRFC), le premier constitue d’un cadre circulaire et l’autre d’un 
cadre circulaire continu (spirale continue de forme circulaire) ont ete utilises. Vingt-sept 
colonnes circulaires a grande echelle ont ete fabriquees et testees experimentalement sous 
charge axiale concentrique. Les colonnes de 300 mm de diametre ont ete con?ues selon la 
norme CAN / CSA S806 - 12. Les echantillons ont ete divises en trois series : la serie I 
contient trois colonnes de reference, l’une fabriquee avec un beton ordinaire et 2 colonnes 
renforcees avec de l’armature en acier. La serie II contient 12 specimens renforces 
interieurement avec des barres longitudinales en PRFV et des cadres en PRFV, tandis que 
la serie III comprend des specimens entierement renforces avec des barres en PRFC. Les 
essais experimentaux ont ete realises au laboratoire de structure, de la Faculte de genie, 
de l’Universite de Sherbrooke. L'objectif principal de ces essais est d'etudier le 
comportement des colonnes circulaires en beton renforcees de barres longitudinales et 
transversales et des etriers en spirales en PRFV ou PRFC. Plusieurs parametres ont ete 
etudies ; type d’armature, taux d'armature longitudinale, les pourcentages volumetriques, 
les diametres et l'espacement de 1'armature transversale, la configuration de confinement 
(spirales contre etriers) et la longueur de recouvrement des cerceaux. Les resultats des
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essais des colonnes testees ont ete presentes et discutes en termes de capacite axiale, de 
mode de rupture, de deformations longitudinale et transversale, de ductilite, de la reponse 
charge/contrainte-deformation, et de la resistance de confinement du beton a travers 
quatre articles de joumaux presentes dans cette these
Sur la base des conclusions des essais experimentaux, les colonnes en PRFV et en PRFC 
ont eu un comportement simiiaire aux colonnes renforcees avec de l’acier. II a ete 
constate que les barres en PRF ont ete efficaces pour resister a la compression, et ont 
contribue en moyenne de 8% et 13% de la capacite des colonnes en PRFV et PRFC, 
respectivement. Aussi, l'utilisation de spirales en PRFV et PRFC, conformement aux 
dispositions de la norme CSA S806 -12 a donne suffisamment de resistance contre le 
flambage des barres longitudinales en PRF et a foumi un bon confinement du noyau de 
beton dans les phases post-pic. La deformabilite axiale (ductilite) et l'efficacite du 
confinement peuvent etre ameliorees par une meilleure utilisation de petites spirales en 
PRF avec un espacement plus rapproche plutot que de grands diametres avec un plus 
grand espacement. On a constate qu’en ignorant la contribution des barres longitudinales 
en PRF dans l’equation de design de la norme S806 -12 du code CSA, on sous-estime la 
capacite maximale des echantillons testes. L'equation de design est modifiee pour predire 
avec precision les capacites de charge ultimes de colonnes en PRF. De nouveaux 
coefficients a g et a c ont ete introduits dans l'equation modifiee pour tenir compte des
proprietes de resistance a la compression des barres en PRFC comme une fonction de leur 
resistance a la traction.
D'autre part, des equations et un modele de confinement ont proposes pour predire le 
comportement contrainte-deformation axiale de colonnes confinees par cadre circulaire 
ou cadre circulaire continu (spirale continue de forme circulaire) de PRF. Le modele 
prend en compte l'effet de plusieurs parametres, tels que: le type d ’armature, le 
pourcentage d'armature longitudinale; la configuration de l’armature transversale, et le 
pourcentage volumetrique. Le modele propose peut etre utilise pour evaluer la pression 
de confinement, la contrainte du noyau de beton confine et la relation contrainte- 
deformation. Les resultats de l’analyse selon le modele de confinement envisage ont ete 
compares aux donnees experimentales des vingt-quatre colonnes circulaires a grande
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echelle en PRF. Une bonne concordance a ete obtenue entre les resultats analytiques et 
experimentaux. Les equations proposees pour predire a la fois la resistance et le 
comportement contrainte-deformation de colonnes confinees par des armatures en PRF 
montrent une bonne correlation avec les donnees des essais obtenues a partir 
d’echantilions a grande echelle.
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Chapter 1 - Introduction
CHAPTER 1 
INTRODUCTION
1.1 Back Ground and Problem Definition
Reinforced concrete (RC) columns as vertical structural members that transmit axial 
compressive loads with or without moments are o f critical importance for the 
performance and the safety o f structures. These columns are conventionally reinforced 
with steel bars and stirrups. For RC columns subjected to aggressive environment may 
result in the corrosion of steel reinforcements leading to the deterioration of concrete, loss 
o f serviceability and hence brittle failure o f the structure. The corrosion problem o f steel 
bar is the greatest factor in limiting the life expectancy o f RC structures. Many 
environmental conditions (freeze-thaw, use of de-icing salts, moisture, chemical 
products, and marine conditions) accelerate the corrosion process o f steel bar; thereby 
resulting in steady deterioration that decreases the life expectancy of these structures.
In some cases the repair costs can be twice or more as high as the original cost. In Canada 
and the United States, maintenance and replacement costs of bridges and marine 
substructures are measured in billions o f dollars. Government agencies and industrial 
firms are looking for infrastructure systems that are stronger, last longer, are more 
resistant to corrosion, cost less to build, maintain and repair. Engineers all over the world 
are challenged and in search o f new and affordable construction materials as well as 
innovative approaches and systems to problem solving. In recent years, significant 
research efforts have shown that fiber reinforced polymer (FRP) materials can be 
effectively used to reinforce RC structures. FRP reinforcement is made from high tensile 
strength fibers such as; aramid, carbon, and glass embedded in polymeric matrices and 
produced in the form of bars, grids, and tubes in a wide variety o f shapes and 
characteristics.
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In the last decade, considerable efforts have been made to apply FRP composites in the 
construction industry, and recently, structural applications o f FRP composites started to 
appear in civil infrastructure systems. FRP composite materials have been used as 
internal and external reinforcement in the field o f civil engineering constructions. It has 
been used as internal reinforcement for beams, slabs and pavements (Rizkalla et al 2003; 
Benmokrane et al. 2006), and also as external reinforcement for rehabilitation and 
strengthening different structures (Demers and Neale 1999; Teng et al. 2002).
Application of FRP in infrastructural systems has come about as a result o f the many 
desirable characteristics of composites that are superior to those of conventional materials 
such as steel, concrete, and wood. FRP composites are very attractive materials to 
structural engineers due to their high specific stiffness and high specific strength. The 
advantages o f FRP composites include strength or stiffness to weight ratio, free-form and 
tailored design characteristics, high degree o f chemical inertness and, above all, 
electromagnetic transparency. In addition to, the high corrosion resistance o f FRP 
composites makes them ideal alternative materials to resolve a number o f problems that 
the worldwide infrastructures are now facing.
Considerable research efforts have contributed to the understanding of concrete members 
internally reinforced with FRP bars. These efforts, greatly improving our knowledge of 
how concrete members reinforced with FRP bars should be analyzed and designed in 
flexure and shear. On the other hand, the behavior o f FRP RC compression members has 
not yet defined. This leaves a research gaps in need o f valuable investigations to 
introduce appropriate provisions in guidelines and codes for the design issues o f FRP RC 
members under axial loads.
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1.2 Research Significance
Understanding the behavior o f concrete members reinforced with FRP bars has been the 
objective o f considerable research efforts. Extensive research has been reported in the last 
decade on the flexural and shear behaviors of FRP-reinforced concrete members. The 
level o f understanding o f structural behavior has reached a stage where several codes and 
design guidelines have been issued and developed around the world. On the other hand, 
few limited studies have been reported on using FRP bars as vertical and lateral 
reinforcements in the compression members. The lack of understanding o f such behavior, 
however, represents a significant hurdle to a broader application o f FRP bars in 
compression members.
The scope of this study consists o f experimental and theoretical investigations. The 
experimental program is designed to provide much needed understanding of the behavior 
o f FRP RC columns through design, construction, instrumentation, and testing 27 full 
scale column specimens. Also, the present study attempts to enrich the database o f axial 
behavior o f circular concrete columns reinforced with glass-FRP (GFRP) or carbon-FRP 
(CFRP) bars and stirrups. The effect of different parameters such as; type of 
reinforcement, longitudinal reinforcement ratio, the volumetric ratios, diameters, and 
spacing of spiral reinforcement, confinement configuration (spirals versus hoops), and lap 
length of hoops were investigated. On the other hand, the theoretical study aims to 
develop recommended revisions to extend the current compression design provisions to 
account for the nature o f FRP reinforcements.
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1.3 Research Objectives
In recent years, the using o f FRP has been successful for different concrete structure 
members. Although, the behavior o f RC short columns have not been yet fully explored. 
The present study aims to provide basic technical information about the behavior of 
concrete column, reinforced longitudinally and transversally with GFRP/CFRP bars and 
stirrups through experimental investigation and analytical study. The objectives o f this 
study can be summarized as follows:
1. To investigate the general behavior of circular RC columns reinforced 
longitudinally and transversely with GFRP/CFRP bars under pure concentric 
loads.
2. To determine the axial capacity o f RC columns reinforced with GFRP/CFRP bars 
and stirrups.
3. To evaluate and interpretation o f test data with respect to specific design and 
detailing parameters.
4. To evaluate and introduce appropriate modifications to the existing design 
equations for design the GFRP/CFRP RC columns under pure axial loads.
5. To propose new model to predict the stress-strain response o f concrete columns 
reinforced and confined with GFRP/CFRP reinforcements.
1.4 Methodology
To achieve the aforementioned objectives o f this research, extensive experimental and 
analytical programs were conducted. The experimental phase includes the construction 
and testing of twenty seven full scale circular reinforced concrete columns, 300 mm in 
diameter and 1500 mm in height, reinforced with FRP bars and stirrups and divided into 
three series as follows:
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• Series I: includes 3 reference columns; one plain column and two columns 
reinforced with steel bars and stirrups.
• Series II: includes 12 columns internally reinforced with GFRP bars and 
spiral/hoops stirrups.
• Series III: includes 12 columns reinforced longitudinally with CFRP bars and 
confined transversely with CFRP stirrups.
In this study, the test parameters were proposed to include the following variables: type 
of reinforcement, longitudinal reinforcement ratio, the volumetric ratios, diameters, and 
spacing of spiral reinforcement, confinement configuration (spirals versus hoops), and lap 
length of hoops.
The theoretical phase included developing an analytical model to accurately simulate a 
complete stress-strain curve for short FRP-circular reinforced concrete columns. The 
efficiency and accuracy of the model will be verified against the experimental results. 
Afterwards, the model will be used to conduct a parametric study.
1.5 Structure of the Dissertation
This dissertation consists of seven chapters, references, list o f figures, and symbols. The 
content of these chapters is as follows:
Chapter 1: This chapter defines the problem and presents the main objectives of this 
study, followed by the mythology to achieve the objectives and scope o f this research 
study. And the structure of the dissertation is presented.
Chapter 2: This chapter provides a literature review concerning the behavior o f RC 
compression member. A full historical review which deals with the previous work on 
FRP mechanical properties, the main factors influencing the axial behavior of RC 
members under axial load, and the currently available equations for predicting axial
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capacity of reinforced columns compression members in the design codes and guidelines 
in North America.
Chapter 3: This chapter describes the experimental work program, specimens’ details, 
the used materials, specimens’ fabrications, test procedure, test setup, and measuring 
devices.
Chapter 4: This chapter presents the first paper in this dissertation which accepted in 
ASCE’s Journal o f Composites for Construction. The paper is titled “Axial Capacity of 
Circular Concrete Columns Reinforced with GFRP Bars and Spirals”. This paper shows 
the experimental test results investigation on the axial behavior of nine full scale circular 
reinforced concrete columns reinforced with GFRP bars and spiral stirrups, in addition to, 
three reference columns. The analysis and discussions o f these results are presented. 
These discussions are based on modes o f failure, effect o f various test variables on the 
behavior o f GFRP RC columns, and load-strain response o f tested specimens. Research 
findings indicate the increase o f transverse volumetric ratio enhance the ductility and 
concrete core strength o f GFRP RC columns.
Chapter 5: This chapter presents the second paper in this dissertation which accepted in 
ASCE’s Journal o f Composites for Construction. The paper is titled “Strength and Axial 
Behavior of Circular Concrete Columns Reinforced with CFRP Bars and Spirals”. The 
paper aims to investigate the behavior performance o f circular columns RC columns 
reinforced with CFRP bars and spiral stirrups. The results were presented in terms of 
strength, ductility, axial stress-strain relationship, volumetric strain, and load-strain 
responses. Comparisons between the experimental test results and the theoretical 
predictions by three North American codes and design guidelines are performed. Based 
on the test results and the analysis the design equation equations are modified to 
accurately predict the nominal axial capacity o f circular RC columns internally reinforced 
with CFRP bars and spiral stirrups.
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Chapter 6: This chapter presents the theoretical investigation o f this dissertation. The 
purpose of this study is to present a constructive critical review o f the state-of-the-art of 
design methodologies available for the case o f  short confined concrete columns using 
FRP bars and stirrups to predict maximum concrete core stress and corresponding 
concrete strain. Also, the theoretical approach developed a new incremental stress-strain 
relationship of confined concrete to simulate the behavior o f  RC circular column 
reinforced with GFRP/CFRP bars and hoop/spiral stirrups under concentric compression 
load. The results o f the analysis are compared with experimental values. Based on the 
experimental data obtained in this study, new proposed equations and a modified 
expression for the confined concrete core strength and stress-strain relationship are 
introduced. Finally most of the content o f this chapter are included in two papers.
Chapter 7: This chapter includes a summary of this investigation and the overall 
conclusions based on the experimental and theoretical results conducted in this 
dissertation. As well as, recommendations for further research work are also given.
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CHAPTER 2 
LITERATURE REVIEW
2.1 Introduction
Columns are compression members which transmit loads from the higher levels to the 
lower levels, and then to the soil trough the foundations. Since columns are the most 
important elements of the structure, failure of one column in a critical location can cause 
a progressive collapse of adjoining floors and may reach to collapse of the entire 
structure. In this respect, increasing column durability and avoidance of steel corrosion of 
columns reinforcement is very important subjects to reduce the structure failure.
Previous researches conducted on columns by were concerned mainly with increasing 
columns capacities by studying effect o f longitudinal reinforcement ratio, transverse 
reinforcement ratio, concrete compressive strength and using external FRP warps. In this 
study, it is intended to study and investigate the behavior o f circular concrete columns 
reinforced with GFRP or CFRP longitudinal bars and spiral or hoops stirrups with respect 
to specific design and detailing experimental parameters.
2.2 Plain Concrete Behavior
The axial behavior o f plain concrete has been widely studied by researchers for the past 
century, and is widely dependent on the specifications of the concrete. The water-cement 
ratio, cement and aggregate characteristics, concrete unit weight, type o f curing and age, 
all play a significant role in the behavior (Carreira and Chu 1985). The plain concrete 
behavior is best understood from the axial compression of concrete cylinders taken from 
the concrete mix. Concrete gains most o f its ultimate strength in the first 28 days after 
construction, during which time the type o f  curing system will affect the overall strength. 
The testing of the cylinders at 28 days will result in a stress-strain plot that will rise until
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ultimate strength and then descend quickly when the concrete crushes. Figure 2-1 shows 
the typical stress-strain response of plain concrete cylinders.
- CO
U fM w + lf hi eoncrct*
3 ■ W n.
mofctod Cylinders
•.0
•.0
407.S
0.00309.S
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Figure 2-1: Plain concrete stress-strain diagrams (Carreira and Chu 1985)
2.3 Fibre Reinforced Polymer Composite Material
“FRP” is an acronym for fiber reinforced polymers, which some also call fiber 
reinforced plastics. The term composite material is a generic term used to describe a 
judicious combination o f two or more materials to yield a product that is more efficient 
from its constituents. One constituent is called the reinforcing or fiber phase (one that 
provides strength); the other in which the fibres are embedded is called the matrix phase. 
The matrix, such as a cured resin-like epoxy, polyester, vinyl ester, or other matrix acts as 
a binder and holds the fibres in the intended position, giving the composite material its 
structural integrity by providing shear transfer capability. Figure 2-2 shows the concept 
of FRP composite.
9
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FIBRES POLYMER FRP
MATRIX
Figure 2-2: Basic material components o f  FRP composite
Three FRPs are commonly used (among others): composites containing glass fibres are 
called glass fiber reinforced polymers (GFRP); those containing carbon fibres are called 
carbon fiber reinforced polymers (CFRP); and those reinforced with aramid fibres are 
referred to as aramid fiber reinforced polymers (AFRP).
Glass fibers are the most common o f all reinforcing fibers for polymeric matrix 
composites. The principal advantages of glass fibers are low cost, high tensile strength, 
high chemical resistance, and excellent insulating properties. The disadvantages are 
relatively low tensile modulus and high density (among the commercial fibers), and 
relatively low fatigue resistance. On the other hand, carbon fibers are available with a 
variety of tensile modulus. In general, the low-modulus fibers have lower density, lower 
cost, higher tensile and compressive strengths, and higher tensile strains-to-failure than 
the high-modulus fibers. Among the advantages o f carbon fibers are their exceptionally 
high tensile strength, very low coefficient o f linear thermal expansion, low inter-laminar 
shear strength, high fatigue strengths, and high thermal conductivity. (Mallick 2007)
10
Chapter 2 - Literature Review
Use of composite materials was pioneered by the aerospace industry beginning in the 
1940’s, primarily because of the material’s high-performance and lightweight qualities. 
Today their potential is being harnessed for many uses. Advanced composite materials, 
so called because of their many desirable properties, such as high performance, high 
strength-to-weight and high stiffness-to-weight ratios, high energy absorption, and 
outstanding corrosion and fatigue damage resistance are now increasingly used for civil 
engineering infrastructure such as buildings and bridges.
2.3.1 M echanical Properties o f FRP Reinforcing Bars
FRP composites are used in a wide variety of applications. A key element in evaluation 
o f FRP properties is the characterization o f the relative volume and/or mass content o f the 
various constituent materials. FRP reinforcing bars in concrete structures is strongly 
influenced by their physical and mechanical properties. Their mechanical properties 
provide unique benefits to the product they are fabricated into. This section presents 
testing methods and mechanical properties o f bars such as:
• Axial tensile strength.
•  Compressive strength.
•  Shear strength.
•  Bond strength.
• Bend portion strength.
2.3.1.1 Axial Tensile Strength
Axial tension testing o f high strength unidirectional composites is often a challenge 
because load should be transmitted from the testing apparatus to the specimen via shear, 
and the shear strength o f a unidirectional composite is typically much lower than its axial 
tensile strength. Further, shear gripping will load the external fibers more than the 
internal ones causing shear lag and progressive fiber failure. To avoid these problems, 
end tabs are required when testing flat laminates. Special anchors are required for testing
11
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FRP rods and bars by inserting their ends into steel cylinders that are subsequently filled 
with either a polymer resin or a cement-based grout as described in ACI 440.1R-06 
(2006), as shown in Figure 2-3. Also, CSA S807-10 (2010) specified ASTM 
D7205/D7205M-06 (2006) standard method to get the bar tensile properties. Table 2-1 to 
Table 2-5 represent axial tensile strength and modulus o f elasticity for FRP bars as 
provided in the North American codes and design guidelines and as produced by different 
companies.
Threaded plug for attachment to load head 
(not used if anchor is placed in grips)
PVC cap with central hole 
fitting FRP bar
Steel tube
m
Anchor filling material 
FRP bar-----------------
Threaded, welded, or 
clamped plug with central 
hole fitting FRP bar
outer tube
diameter
A -A
■ Band clamp
Figure 2-3: Anchor length according to ASTMD7205/D7205M-06 (2006)
Table 2-1: Typical mechanical properties o f  FRP bars (CSA S807-10)
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Trade
Name
Minimum Specified 
Tensile Strength
[MPa]
Modulus o f Elasticity E (GPa)
Grade I Grade II Grade III
Carbon
Glass
1100-1300
600-750
80.0
40.0
110.0
50.0
140.0
60.0
* Grade I have the lowest value of E and Grade III have the highest value of E.
Table 2-2: Typical mechanical properties o f  FRP bars (ACI 440.1R-06)
Fiber Type
Tensile Strength 
(MPa)
Modulus of Elasticity 
(GPa)
Aramid (Kelvar 49)
Carbon (Toray T300)
Glass (E-Glass)
1720-2540
600-3690
483-1600
41-125
120-580
35-51
Table 2-3: Typical mechanical properties o f  ASLAN FRP bars manufactured by Hughes 
Brothers Inc.
Trade Name
Tensile Modulus of Ultimate Tensile
Strength [MPa] Elasticity (GPa) Strain
CFRP Aslan 200 2068-2241
GFRP Aslan 100 620-827
124
46
0.0167-0.0181
0.0134-0.0179
* As provided by the manufacturer.
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Table 2-4: Typical mechanical properties o f  ComBAR GFRP bars manufactured by 
Schock Inc.
Tensile
Trade Name
Strength [MPa]
Modulus of 
Elasticity (GPa)
Ultimate Tensile 
Strain
GFRP > 1000 >60 0.0261
* As provided by the manufacturer.
Table 2-5: Typical mechanical properties o f  V-ROD GFRP bars manufactured
Pultrall Inc.
Trade Name
Tensile Modulus of Ultimate 
Strength (MPa) Elasticity (GPa) Tensile Strain
V- Rod LM 588 - 804 40-47 0.0134-0.0189
§2 V- Rod SM 703-938 50-59 0.0133-0.0179
O
V- Rod HM 1000- 1372 60-69 0.0151-0.0211
CFRP Carbon V-Rod 1356-1765 120-144 0.0120-0.0144
* LM means low strength; SM means standard strength; and HM means high tensile strength.
* As provided by the manufacturer.
2.3.1.2 Compressive Strength
There is no standard axial compression test for FRP composites because there are many 
different failure modes (ACI 440.1R-06). The mode of failure is buckling, ranging from 
buckling of the entire specimen cross section or local micro buckling of individual fibers. 
Thus, the greater resistance to buckling the test fixture provides, the higher the
14
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compressive strength values obtained. For flat laminate FRP composites, many axial 
compression test methods in current use are some variation o f the Celanese compression 
test as in ASTM D3410 (2008). This test uses a thin, straight-sided specimen that looks 
very much like an axial tension specimen except that the distance between tabs is much 
smaller. Testing of FRP bars in compression is typically complicated by the occurrence 
o f fibre micro-buckling due to the anisotropic and non-homogeneous nature of the FRP 
material, and can lead to inaccurate measurements. Therefore, standard test methods are 
not established yet. For the case of FRP bars, reductions in the compressive strength by 
50% must be considered (Deitz et al. 2003).
2.3.1.3 Shear Strength
Most FRP bar composites are relatively weak in inter-laminar shear where layers of 
unreinforced resin lie between layers o f fibers. Because there is usually no reinforcement 
across layers, the inter-laminar shear strength is governed by the relatively weak polymer 
matrix. On the other hand, interface problem between vinylester resin and carbon fiber 
appeared and results very low inter-laminar shear strength compared to glass fiber (Xiao 
2004). In addition to, carbon fibers are more brittle than glass fiber with ultimate elongation 
1.32% and 1.56% for carbon and glass fibers, respectively. Also, orientation o f the fibers in 
an off-axis direction across the layers o f fiber will increase the shear resistance, 
depending upon the degree o f offset. For FRP bars this can be accomplished by braiding 
or winding fibers transverse to the main fibers. Off-axis fibers can also be placed in the 
pultrusion process by introducing a continuous strand mat in the roving/mat creel.
2.3.1.4 Bond Strength (Pull-out Test)
The bond properties o f FRP bars have been extensively investigated by numerous 
researchers through different types of tests, such as pull-out tests, splice tests, and 
cantilever beams, to determine an empirical equation for embedment length (Faza and 
GangaRao 1990; Benmokrane 1997). The bond stress o f a particular FRP bar should be 
based on test data provided by the manufacturer using standard test procedures that are
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still under development at this time. ACI 440.1R-06 and CAS S807-10 specified a 
standard test method for bond strength of FRP bars (B.3) as shown in Figure 2-4.
Loading Plata
Applied^
Load ____
LZ
Concrete B lock.
Bond Breaker
m m ? *
- m m m
y.'
Elevation View
FRP Bar
Figure 2-4: Schematic drawing o f  pull-out test (B.3)
Bond failure between steel or FRP reinforcing bars and concrete occurs predominantly in 
two modes: pull-out and splitting. If the concrete around the bars is well confined, or the 
concrete cover is large, or the bar embedment length is small, bond failure occurs in pull- 
out mode. On the other hand, if the concrete cover is relatively small, and/or the concrete 
is unconfined, bond failure occurs in splitting mode. For most practical applications of 
steel reinforced concrete, bond failure occurs by splitting.
For pull-out mode of bond failure, the bond strength o f steel bars with short embedment 
lengths (less than 7 db) called local bond strength is mainly dependent on the concrete
compressive strength f c As the development or embedment length of the bar increases, 
the bar force at bond failure increases but because the bond stress distribution along the 
embedment length becomes non-uniform, the average pullout bond strength at bond 
failure decreases.
2.3.1.5 Bend Portion Strength
FRP bent bars are being needed in many applications such as concrete bridge 
barriers (CSA S6-06-edition 2010; El-Salakawy et al 2003). In this case, the bond and the 
bar embedment length are become more critical. The problem is attributed to the 
significant reduction of the tensile strength at the bend portions o f the FRP bars.
16
Chapter 2 - Literature Review
AC I 440.6M-08 (2008) reports that either B.5 or B.12 test methods may be 
considered for determining the bend strength of FRP bent bars/stirrups. ISIS Canada 
(2009) specifies the B.5 method for determining the strength of FRP bent bars and 
stirrups at bend locations and B.12 method for determining the strength and modulus of 
FRP bent bars at bend locations. However, it maintains the same limit o f 35% o f the 
strength parallel to the fibers for both methods.
It should be mentioned that the CAN/CSA S806-12 (2012) specifies the same 
method as the ACI 440.6M-08 by using B.5 method for testing the FRP bent bars and 
stirrups. This test method measures the ultimate load carrying capacity o f a single FRP 
stirrup subjected to tensile forces in the direction o f the straight portion. A schematic 
drawing of the test specimens and setup details are shown in Figure 2-5(a). Dimensions 
of the concrete blocks may vary according to the configuration of the tested stirrup; 
however, the recommended distance between the two concrete blocks is 400 mm (Ahmed 
et al. 2010). Transverse steel reinforcement should be provided to the concrete blocks to 
prevent concrete splitting before rupture o f the stirrup at the bend. The two blocks are 
adjusted on a horizontal test bed with one of the blocks moving side placed on rollers to 
minimize the friction and allow the horizontal movement. Then, the hydraulic jack is 
centered between the two blocks to provide symmetric loading for both stirrup’s legs. 
The complete setup is illustrated in Figure 2-5(b). The load is applied by the hydraulic 
jack causing the two concrete blocks to move apart until the failure o f the FRP stirrup. 
The loading rate is selected so that the specimen fails within a maximum of 10 min after 
running the test. The failure load is recorded and the bend strength is calculated from 
following equation:
Where f bend is bend strength in MPa; P  is failure load in N; and Ab is FRP bar cross-
Equation 2-1
sectional area in mm2.
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Figure 2-5: Schematic dr awing fo r  B.5 test (Ahmed etal. 2010)
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2.4 Confinement of Concrete Columns
Concrete confinement is a very important design factor when designing concrete columns 
under axial compression. When concrete is subjected to axial compression, deformation 
in the lateral direction develops due to Poisson’s effect. In the initial stage o f loading, 
when the axial strains are small and therefore, the Poisson’s ratio effect o f concrete is 
small, the lateral confinement provided by the lateral reinforcement would be negligible. 
With the increase of the axial strain and the Poisson’s ratio effect of concrete, the lateral 
strain of concrete tends to increase. The concrete in the core is restrained from expansion 
by the lateral reinforcement, resulting in the confinement of the core and the separation of 
the cover from the core (Kim 2007).
Beyond this point the load carrying capacity o f the core concrete is highly affected by the 
confinement, and can be expected to be higher than that of plain concrete. However, this 
increase o f confinement is limited by the tensile strength o f the lateral reinforcement. As 
soon as lateral reinforcement get the peak for FRP or get yield for steel, irrespective o f 
the lateral expansion of concrete, the confining pressure remains constant and only the 
strain hardening o f steel will result in a limited further increase.
Because o f the high modulus of elasticity o f the steel, confinement of the concrete core is 
initiated at relatively low load levels. Only small lateral straining of the concrete is 
needed to develop significant lateral reinforcement stresses, resulting in a confining 
pressure. Also, for the low modulus o f GFRP material in comparison to steel, the GFRP 
material is little effective in providing lateral confining pressures at low load levels. This 
is evident from the behavior in the first part o f the stress-strain curve, which is almost 
identical to the unconfined curve. At stress level near unconfined concrete compressive
strength ( x )  the concrete expands extensively in the lateral direction due to the
formation of micro-cracks. This results an activation o f the confinement with increase in 
strength as shown in Figure 2-6.
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Figure 2-6: Effect o f  lateral confining pressure on stress-strain response (Richart et al.
1928)
2.4.1 External Confinem ent
Externally confinement tubes for reinforced concrete is a way to enhance the properties 
o f concrete columns, most importantly reducing the effect of its brittle behavior, and 
allowing the column to attain maximum load carrying capacity. These higher strengths 
are achieved as a result of the lateral pressures, applied by the external reinforcement of 
the concrete column. Lateral high pressures results a higher strength concrete column 
which is able to carry higher loads than if it was unreinforced. Figure 2-7 presents a 
schematic drawing for concrete filled tubes
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FRP T Steel Tube
J
Concrete-filled FRP tube Concrete-filled steel tube
Figure 2-7: Schematic fo r  concrete-filled tubes
2.4.1.1 Concrete Filled Steel Tubes
Concrete-filled steel tube columns have been increasingly used in many modem 
structures. Their usage provides high strength, high ductility, high stiffness and full usage 
o f construction materials. In addition to these advantages, the steel tubes surrounding the 
concrete columns act as permanent formwork which reduces construction time. 
Furthermore, steel tubes not only assist in carrying axial load, but also provide 
confinement to the concrete. However, concrete confinement depends on many factors 
such as the column diameter, the thickness o f the steel tube, the concrete strength and the 
yield stress of the steel tube. The steel tube acts as longitudinal, transversal, and shear 
reinforcement; and as a continuous confining jacket for the encased concrete. In return, 
concrete delays local buckling o f the tube. Knowles and Park (1969) conducted a series 
of tests on concrete-filled steel tubes o f different slenderness ratios, and concluded that in 
most cases buckling o f the tube dictated the overall failure o f the composite column 
before the activation of confinement. Knowles and Park recommended avoiding loading 
the steel tube in the longitudinal direction in order to achieve its full utilization in the 
circumferential direction.
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Also, Chaallal et al. (2006) noted that, the peak strength occurs shortly after the steel tube 
yields. After reaching its maximum strength the curve follows a gradual post-peak 
descending branch.
2.4.1.2 Concrete Filled FRP Tubes (CFFT)
Harmon et al. (1995) tested small scale FRP tubes filled with concrete under axial 
compression. Glass/epoxy and carbon/epoxy circular 50 mm x 101 mm tubes were
produced by filament winding and filled with high strength concrete, f ca = 64.2 MPa.
Fibers to concrete volume ratios ranging from 0 to 0.06 were used. Bi-linear stress-strain 
responses resulted for all the glass and carbon specimens. The following observations 
were reported:
• The second slope of the axial stress-strain curves was proportional to the tube 
stiffness.
• The axial stress at the bend-point of the bilinear stress-strain curve is proportional 
to the tube stiffness.
• The dilatancy is inversely proportional to the tube stiffness.
Fam et al. (2003) studied the behavior o f concrete filled FRP tubes under concentric and 
eccentric load with the effects of diameter-to-thickness ratio and laminate structure o f the 
tube, including different fiber proportions in the axial and hoop directions. The results of 
testing ten columns showed that, the contribution of confinement (resulting from 
increasing the ratio of fibers in the hoop direction) to the overall axial strength of 
concrete-filled FRP tubes seems to be significant for thin-walled tubes only.
Mohamed and Masmoudi (2009, 2010) studied the behavior o f the concrete filled GFRP 
tubes under concentric and eccentric load. Figure 2-8 shows the load-displacement 
simplified curve for GFRP filled tube column. The test results indicated that, by 
increasing the thickness of the GFRP tubes a significant improvement is achieved in the 
confinement efficiency. The confinement provided by the GFRP tubes improves both the
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load-carrying capacity and the ductility of the concrete columns under concentric load. 
The stress-strain curve of the CFFT tube columns is bilinear and nonlinear for the 
concentric and eccentric loading, respectively. Increasing the eccentricity values decrease 
the ultimate load capacity and increase the horizontal and axial deformation o f the CFFT 
columns.
fR F-Confined column
rupture
Imposed design load (30%  - 40% ) 
FRP-Confined column
RC Column
Softening
Design Load (30%  - 40% ) PMar 
RC Column
Axial displacement
Figure 2-8: Load-displacement behavior fo r  RC and GFRP-confined concrete
(Mohamed and Masmoudi 2010)
2.4.2 Internal Confinem ent
Internal reinforcement for concrete is another way to change the behavior o f concrete 
columns from brittle to ductile behavior. The transverse reinforcement is preventing the 
lateral expansion o f the specimen under axial load and improving the column’s ductility.
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2.4.2.1 Confinement using Steel Reinforcement
The most widely accepted and used method for reinforcement in structural concrete 
columns applications is the steel bar cages. Concrete and steel work very well together in 
a structural application. The design o f columns is centered on having the concrete to 
resist the compressive forces because concrete is strong in compression. Furthermore, the 
steel is present in the column to resist any tensile forces, as steel is strong in tension, as 
well as in compression. The steel is designed as a cage to surround the concrete, while 
concrete is poured inside and outside this cage to the limits o f the formwork. The inner 
concrete is intended to carry most o f the applied compressive load, while the outside or 
“cover” concrete protects the steel from weather, fire, and corrosion (Ross 2007). The 
steel is placed in two directions, longitudinal and transverse. The longitudinal steel helps 
to carry the tension loads as well as the compressive load and to prevent collapse failure. 
The transverse steel wraps around the longitudinal steel to help in the confinement of the 
concrete, resist shear forces, and to decrease buckling length of longitudinal bars. 
Figure 2-9 displays how the steel can mesh very well as a complete reinforcement 
system.
Transverse
Reinforcement
Longitudinal
Reinforcement
Figure 2-9: Steel cage assembly
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In the design of traditional bar reinforced concrete construction, spiral reinforcement 
provides greater confinement than circular or rectangular hoop reinforcement. The best 
confinement can be obtained with closer spacing of the transverse reinforcement, and 
better distributed longitudinal reinforcement. Furthermore, the volume o f transverse 
reinforcement should be increased in comparison with the volume of the concrete core 
(Mander et al. 1988). The concrete confinement is important because the cover concrete 
will begin to spall at a strain of 0.002 in./in. At this point, the core concrete will carry the 
load as long as it is effectively confined by the bar reinforcement. The longitudinal bars 
will eventually begin to buckle in between the transverse reinforcement. As shown in 
Figure 2-10, failure will be reached once the longitudinal and transverse reinforcement 
fails, and can no longer confine the concrete core.
1
First 
hoop 
fracture,
Confined
concrete
concrete $ $ $ $ $  
cover concrete
Compressive S train , Ec 
Figure 2-10: Stress-strain model (Mander et al. 1988)
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2A.2.2 Confinement using FRP Reinforcement
FRP reinforcement is essential in providing confinement to columns after the concrete 
starts cracking. Near failure, the concrete is cracked internally and the cracking is not 
uniform throughout. This also causes high stress concentrations in specific areas o f the 
FRP reinforcement as opposed to areas where little cracking has occurred.
The FRP reinforcement is subjected to two different types o f loading while the column 
undergoes axial deformation. There is a transverse loading from the concrete crushing 
and trying to push out radially. There is also some axial loading due to the epoxy resin 
connection between the concrete and the FRP reinforcement. This combination o f loads 
produces strength limitations that are difficult to predict, and the failure strength of the 
FRP system is a portion of its ultimate strength.
Studies have shown that increasing the FRP strength and stiffness are directly related to 
the increase in concrete stress and strain limits. Furthermore, the strength and stiffness of 
the FRP is a result of the material chosen and the mechanical proprieties o f this material. 
The FRP strength and stiffness are important in limiting the dilation o f the concrete (Ross 
2007). Limiting the dilation o f the concrete as the axial load increases will cause a rise in 
stress and strain capacity.
2.5 Factors Influencing the Column Bearing Capacity
There are principal factors that influence ultimate bearing capacities of a concrete column 
such as longitudinal reinforcement ratio, transverse reinforcement ratio, column 
dimension, concrete compressive strength, configuration of transverse reinforcement 
...etc. The following sections presented the most important parameters those can affect 
the behavior of RC columns.
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2.5.1 Longitudinal Reinforcem ent Ratio ( psl)
Bjerkeli et al. (1990) studied the effects o f increasing the number of bars and increasing 
the bar diameter in two separate comparisons. The test columns were 300 x 500 mm and 
the concrete compressive strength was ranged from 83.1 to 107.6 MPa. Specimens 
reinforced with 12M16 longitudinal bars ( pst = 1.59%) were compared to the reinforced
with 18M16 longitudinal bars (p st = 2.38%). Bjerkeli et al. reported that columns 
reinforced with more bars sustained the ultimate load, whereas the axial load of the 
specimens with 12 longitudinal bars decreased immediately after peak load as shown in 
Figure 2-11.
11  -  
10 -
3
no
18016 long, bars 
124>lfi long, bars
idoH
140 2 6 8 10 124
Axial strain (o/oo)
Figure 2-11: Effect o f  longitudinal reinforcement on ductility (Bjerkeli et al. 1990)
Xie et al. (1997) investigated the effect of longitudinal reinforcement by testing 3 
specimens with the same lateral reinforcement of 15M with spacing 80 mm ( p ,  = 9%).
The three specimens were prepared as PG1 ( p„ = 1.3%), PG3 ( psl = 1.96%), and PG3 ( 
pst = 3.26%). As shown in Figure 2-12, the amount o f the longitudinal reinforcement has 
affected both the pre-peak and post-peak behavior of the column. The test results
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indicated also that, the moment and axial load carrying capacities increase with 
increasing amount of longitudinal reinforcement. On the other hand, the decreasing slope 
of moment capacity in the post-peak regime seems not affected by the longitudinal 
reinforcement.
Strain-sotterang ofcover
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Figure 2-12: Center line moment versus compressive strain (Xie et al. 1997)
Eight high strength concrete with circular (150 mm diameter) and square (150x150mm) 
cross section concrete column were tested under concentric axial loads by Sharma et al. 
(2005), to investigate the effect of longitudinal reinforcement ratio on column capacity, 
Table 2-6 shows specimens details of tested columns.. Based on their experimental 
results it’s found that, amount of longitudinal reinforcement steel ratio has a small effect 
on the confined high strength concrete column. As shown in Figure 2-13, increase in 
longitudinal reinforcement ratio increases the ductility o f RC column for same lateral 
reinforcement spacing and same concrete compressive strength.
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Table 2-6: Properties o f  column specimens (Sharma et al. 2005)
Specimen / ;
MPa
Longitudinal Reinforcement Transverse Reinforcem ent
No. & Dia.
%
f y
M Pa
Dia.
mm
s
mm
Pm
%
fyh
M Pa
CA 62.20 6M8 1.70 412 8M 50 3.3 412
CB 62.80 6M8 1.70 412 8M 75 2.2 412
CC 61.85 6M8 1.70 412 8M 50 3.3 520
CD 63.35 6M12 3.84 395 8M 50 3.3 412
CF 81.75 6M8 1.70 412 8M 50 3.3 412
CG 83.15 6M8 1.70 412 8M 75 2.2 412
CH 81.80 6M8 1.70 412 8M 50 3.3 520
Cl 82.55 6M12 3.84 395 8M 50 3.3 412
TJ cu O _1
2o c © o<u >'■P to4>oc
Axial Strain (m m /m m )
Figure 2-13: Effect o f  amount o f  longitudinal reinforcement (Sharma et al. 2005)
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Lotfy (2010) tested small scale square reinforced concrete columns with GFRP bars to 
investigate the RC column axial behavior. Columns were 250 x 250 mm and 1250 mm 
height. Three different reinforcement ratios; psl = 0.723% (4 No. 12 mm), pj( = 1.08% (6 
No. 12 mm), and pst -  1.45% (8 No. 12 mm) were used. The study reported that, the 
increasing of main reinforcement ratios with GFRP bars increase the ductility o f cross 
section, so it has a significant effect on the initial cracking loads, ultimate strain, and 
ultimate loads that the columns resist. Also, the increasing o f GFRP reinforcement ratios 
from 0.723 to 1.08% has a noticeable significant effect on the all behavior o f tested 
columns more than the increasing of reinforcement ratios from 1.08 to 1.45%.
2.5.2 Horizontal Reinforcem ent Ratio ( ps)
Sheikh and Toklucu (1993) tested 27 specimens to investigate the behavior o f RC 
circular columns confined by spirals and hoops stirrups under monotonic axial 
compression loads. Based on results o f tests, it was reported that; strength and ductility of 
confined concrete increase with an increase in the amount o f lateral steel and the strength 
enhancement have been much less sensitive than ductility, as shown in
(pNlflWI 10 14 11 10 13 10 o  optrai mpoaa
p,r*> u o 1.10 147 044 1.70 047 B Budding aanaldarad
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Figure 2-14. Also, for specimens containing a code-required amount o f spiral steel ( p s 
*1.1%), a reduction in s/ Dc (spacing to core diameter) ratio results in a significant 
improvement of concrete behavior, particularly ductility. For lower p s values, a change 
in s/Dc ratio did not change concrete behavior radically, since the improvements in 
concrete properties due to confinement were minimal, and for large p s values ( p s >1.7
%) the confinement provided by the spiral steel were very effective and change in the 
s/Dc ratio had not affect concrete behavior significantly. It’s also noted that, columns with 
similar p s and s/ Dc ratios behaved similarly, irrespective of their sizes and circular
hoops were found to be efficient in confining concrete as spiral stirrups, and for well- 
confined columns, the spiral steel yielded when concrete carried the maximum stress. 
And the increase in concrete strength due to confinement was observed to be between 2.1 
and 4.0 times the lateral pressure, while in poorly confined columns, spiral steel did not 
yield at maximum concrete stress.
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Figure 2-14: Effect o f  amount o f  lateral steel (Sheikh and Toklucu 1993)
Leung and Burgoyne (2001) studied the behavior o f short confined concrete cylinders 
with aramid spiral stirrups. Figure 2-15 shows the four cages with different spacing, (10,
10 14 11 18 11 10
p,<*> 200 1.10 107 004 1.70 007
OOf 008 040 040 004 004
P ,« (8 M 11.7 0.7 10 oo 100 20
10O 70 7.7 0.1 100 80
31
Chapter 2 - Literature Review
20, 35, and 50 mm). The tested specimens were 100 mm diameter with 5 mm concrete 
cover. From test results it was noted that the peak load increase with decrease of spiral 
pitch.
Figure 2-15: Aramid fibre stirrups (Leung and Burgoyne 2001)
Sharbatdar (2003) investigated the behavior o f small-scale RC concrete reinforced with 
CFRP bars under eccentric loads. Eleven cylinders were tested to investigate the effect of 
spacing of transverse reinforcement grid (38 and 75 mm). The results indicated that, 
smaller spacing gives an average strength o f concrete core 7% higher than that with 
larger spacing.
In an experimental study by Sharma et al. (2005), it was conducted to investigate the 
effect o f volumetric ratio and spacing of transverse reinforcement on the behavior o f high 
strength RC columns. The study reported that, the volumetric ratio and spacing of lateral 
reinforcement had a pronounced effect on the behavior of confined concrete column. It 
was found that an increase of 32% in strength, 270% in strain ductility, and 58% in 
ductility index for higher concrete strength mix as the volumetric ratio o f spirals 
increased from 2.2% to 5.5%. Figure 2-16 shows the increasing in column capacity and 
ductility with increase in volumetric ratio.
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Figure 2-16: Effect o f  volumetric ratio and spacing o f  lateral reinforcement (Sharma et
al. 2005)
De Luca et al. (2010) investigated the compressive behavior o f RC columns reinforced 
with GFRP hoops contribution to the concrete core confinement. Based on the results of 
5 RC square specimens (610x610x3000 mm) tested under axial load, there is no 
difference in behavior between columns internally reinforced with GFRP bars and 
columns internally reinforced with steel bars if the longitudinal reinforcement ratio is 
equal to 1.0%. Also test results showed that, failure o f the steel RC specimen happened 
due to buckling of the longitudinal reinforcement, whereas the GFRP RC specimens 
failed due to the crushing of the concrete core at axial strains higher than those measured 
in the steel RC corresponding specimen. The contribution o f the GFRP and steel bars as 
internal reinforcement to the column capacity, however, was about 5% and 12 %, 
respectively of the peak load. The small hoop spacing o f the GFRP hoops does not 
contribute to increasing the peak capacity, but strongly controlled the failure mode by 
delaying the longitudinal bars buckling, initiation and propagation of unstable cracks, and 
crushing of the concrete core. Figure 2-17 presents the details o f test columns by De Luca 
et al. (2010).
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(a) Details o f Bar A; (b) details o f Bar B; (c) cross-section layout for all specimens; (d) 
reinforcement layout o f Specimen S-16; (e) reinforcement layout of Specimens A-12 and 
B-12; and (f) reinforcement layout o f Specimens A-3 and B-3.
Figure 2-17: Reinforcement details fo r  specimens (De Luca et al. 2010)
Francis and Teng (2010) have tested 12 specimens to investigate the behavior o f short 
concrete columns reinforced with GFRP longitudinal bars and CFRP spiral warp with 
different spacing (75 and 150 mm) as shown in Figure 2-18 and Figure 2-19. It was found 
that, using of higher modulus GFRP bars does not add significantly to the column 
capacity and decreasing the patch o f transverse reinforcement will result a small increase 
in the core confinement, the ultimate strength and stiffness of a section as shown in 
Figure 2-20.
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Figure 2-18: Nominal dimensions and reinforcement retails (Francis and Teng 2010)
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Figure 2-19: Reinforcement cage assembly (Francis and Teng 2010)
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Figure 2-20: Stress-strain relationship fo r  tested specimens (Francis and Teng 2010)
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Tavio et al. (2012) tested 23 square column specimens (180 x 180 mm and 720 mm 
height) to investigate the behavior o f normal-strength concrete short columns confined by 
welded wire fabric (WWF) as transverse reinforcement under concentric compression. 
Test results indicated that, both the strength and ductility o f confined concrete increase 
with an increasing volumetric ratio or closer spacing. An increase of 50% in strength and 
230% in strain ductility were observed for columns reinforced with volumetric ratio of 
WWF increased from 1.2 to 4.8%. Also, the hooped columns, however, had more 
residual ductility at large strain levels than the corresponding columns with WWF.
Tobbi et al. (2012) investigated the effect o f stirrup spacing on square RC columns. The 
tested columns were 350 x 350 mm and 1400 mm height. Based on test results it was 
noted that, decreasing stirrup spacing results an increasing in confinement efficiency and 
the hoop spacing controlled the buckling of the longitudinal bars. Also, the reduction in 
hoop spacing from 120 to 80 mm causes a gain in yield strength more than 20% and 
decreasing in strain o f transverse reinforcement.
2.5.3 Column Size
Sheikh and Toklucu (1993) studied the effect of column dimension on the behavior of 
circular concrete columns with different diameters. Based on their results it was noted 
that, higher loads were resisted by larger columns at small strains. Also, the participation 
of cover concrete in large specimens has been better than in smaller specimens. As shown 
in Figure 2-21, for the same s! Dc and p, the increasing in column diameter results a 
decreasing in column ductility.
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Figure 2-21: Effect o f  specimen size (Sheikh and Toklucu 1993)
Pessiki et al. (2001) tested columns having the same aspect ratio using 356 and 610 mm 
diameters with 1420 and 2440 mm height, respectively. It was noted that as shown in 
Figure 2-23, using small column dimension give higher stress in spiral reinforcement and 
more increasing in strength o f concrete core than using big column dimensions.
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Figure 2-22: Comparison between 356 mm and 610 mm diameters (Pessiki et al. 2001)
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2.5.4 Eccentricity
Samra et al. (1996) carried out study to investigate the required transverse reinforcement 
with spiral confinement for different eccentricity diameter ratio e lD  to achieve adequate 
ductility for spirally confined columns. Based on the test results, it was got a modification 
equation for calculating the transverse reinforcement ratio ps which is depended on the
eccentricity value. And from the proposed equation, as the eccentricity to section 
diameter ration e/D increases, more transverse reinforcement is required.
p , = 0 .4 5 (4 -  - I ) I s - (0.5 +  0.25 — ) Equation 2-2
Ac fyh &
Where; ps is ratio of volume to transverse confining steel to volume of confined concrete 
core, A g is gross area of section, A c is area o f core of section within centerlines of
perimeter spiral, f c is compressive strength o f standard 28-day cylinder, f yh is yield
strength of transverse reinforcement, e  is eccentricity at which axial load is applied, and 
D is overall diameter. Figure 2-23 shows stress-strain diagram for circular cross section 
under eccentric load.
P
Section Strain Stress Internal External 
forces forces(c)
Figure 2-23: Theoretical moment-curvature analysis: section with strain, stress, and
force distribution (Samra et al. 1996)
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Five large-scale CFRP-reinforced square concrete columns with dimensions 230 x 230 
mm and height 1680 mm were tested under eccentric loads by Sharbatdar (2003). Based 
on test results, CFRP reinforced columns were able to develop their moment capacities as 
governed by the crushing o f concrete. Using CFRP as compression reinforcement 
maintained its integrity and load resistance until after the surrounding concrete crushed. 
Also, longitudinal CFRP bars were able to develop high tensile strain required to 
maintain sectional equilibrium under increased bending as the concrete on the 
compression side was gradually crushed.
Eight slender columns with 1800 mm length and square 150 x 150 mm cross section 
reinforced with GFRP longitudinal bars and laterally hooped using a carbon fibre spiral 
wrap as presented in Figure 2-24 and Figure 2-25 were studied by Tikka et al. (2010) to 
investigate the behavior of slender concrete beam-columns under eccentric loads. Based 
on the results it was reported that, GFRP reinforcing bars had very small contribution in 
concrete columns capacities and using a CFRP warps as a spiral stirrups provides 
adequate lateral restraint for the longitudinal reinforcing bars.
Figure 2-24: GFRP reinforcement cage with carbon fibre spiral placed in formwork
(Tikka et al. 2010)
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Figure 2-25: Dimensions and specimens reinforcement details (Tikka et al. 2010)
2.5.5 Concrete Strength
Razvi and Saatcioglu (1999) tested twenty two circular columns with different concrete
compressive strength ( f c ) with values, 60, 92, and 124 MPa. According to test results it
was reported that, for the same confinement, reinforcement columns with 60-MPa
concrete developed higher ratio of strength enhancement ( f cc!  f c ) than those with 92
and 124 MPa concretes as shown in Figure 2-26. Furthermore, a consistent decrease in 
deformability was observed with increasing concrete strength, confirming the expected 
trend.
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Table 2-7: Columns specimens’ details and test results (Razvi and Saatcioglu 1999)
Specimen / ;
M Pa
Transverse Reinforcem ent
fJ  max
£ c&5
£ cS5
Dia.
mm
s
mm
Ps
%
f y h
M Pa
P0 0 .8 5 /; £ co
C C -2 60 11.3 135 1.35 400 0.97 1.22 0.74 3.7
C C -3 60 6.3 70 0.80 660 1.11 1.34 0.90 4.5
C C -8 124 6.3 70 0.80 660 0.94 1.17 0.50 2.0
C C -21 92 6.3 70 0.80 660 0.98 1.19 0.67 2.9
C C -2 2 92 11.3 135 1.35 400 0.96 1.14 0.44 1.9
1.4
CC-3
CC-21.2 60 MPa
1.0
p 0
i:  o.8
««£ 0.8 
tn
0.4
CC-220.2
CC-21 92 MPa
{>2 MPa
0.0
0 .5
Strain (%)
Figure 2-26: Effect o f  concrete strength on strength and deformability o f  confined 
concrete (Razvi and Saatcioglu 1999)
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2.5.6 Lateral Reinforcem ent Yield Strength
Bing et al. (2001) conducted experiments on seventeen circular concrete columns to 
study the effect of different parameters on the circular column behavior; one o f those 
parameters was transverse reinforcement yield strength by using steel with normal yield 
strength (445 MPa) and steel ultra-high strength (1315 MPa). Based on the results it was 
concluded that, the most significant parameters affecting the shape o f the stress-strain 
curve of confined high-strength concrete for all section shapes are the volumetric ratio 
and the yield strength of the confining reinforcement. As shown in Figure 2-27 and 
Figure 2-28, as the yield strength o f the confining reinforcement increases, the strength of 
the confined concrete also increases.
Figure 2-27: Specimens with normal yield strength confining reinforcement after testing
(Bing et al. 2001)
42
Chapter 2 - Literature Review
Figure 2-28: Specimens with ultra-high-strength confining reinforcement after testing
(Bing et al. 2001)
2.6 Numerical Confinement Modeling of Circular 
Reinforced Concrete Columns
Over the years, a number o f confinement models have been developed for concrete. Most 
of the confinement models were originally proposed in order to predict the response of 
concrete confined by steel stirrups or continuous sleeves (or tubes). However, these 
models when applied to concrete confined by fiber. A composite wraps or tubes cannot 
predict the experimental results. This is mainly attributed to the behavior al difference 
between steel and FRP, since steel is an elasto- plastic material, while FRJP is a linearly 
elastic material.
2.6.1 Numerical Confinem ent M odels
Mander et al. (1988) carried out analytical and theoretical study to investigate the effect 
of lateral reinforcement hoops or spiral confinement on the concrete core and concrete 
compressive strength. According to their study equations for confined concrete columns 
have been predicted depending on the lateral.
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Figure 2-29: Effectively confined core fo r  circular hoop reinforcement (Mander et al.
1988)
fee = / „  (-1.254 + 2 . 2 5 4 + - 2 ^ - )  Equation 2-3, 254 p ^
V fee f e ,
Where f cc the maximum stress under the lateral stress/, ; f co the unconfined concrete 
strength; and
//' = \  K P jyh  Equation 2-4
Where f yh yield strength of the transverse reinforcement;
For spiral stirrups
(I- — )22d
k e - --------- -—  Equation 2-5.a
(1 -Pec)
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For hoops stirrups
Equation 2-5.b
Equation 2-6
Equation 2-7
Where s' clear vertical spacing between spiral or hoop bars; ds diameter of spiral 
between bar centers; Ab area of transverse reinforcement bar; s center to center spacing 
or pitch o f spiral or circular hoop; A st area o f longitudinal reinforcement; and A c area of 
core concrete section.
2.6.2 Empirical Confinem ent M odels
In order to understand the behavior o f confined concrete reinforced with FRP, the 
mechanical properties have to be studied. Designing FRP confined concrete requires 
analytical tools that predict the level of performance enhancement for the concrete core. 
Therefore, a confinement model - a model predicting the strength and ductility has to be 
developed. A number of studies were conducted to evaluate the confinement 
effectiveness of FRP, taking into account the mechanism of fiber composites as well as 
the 3-D stresses in concrete core. Confinement o f columns is a three -dimensional 
phenomenon that cannot be easily reduced to two-dimensions. When studying the 
ductility of confined and unconfined normal and high strength concrete columns, it is 
important to accurately incorporate the behavior o f concrete. This factor is important as 
the concrete shows unique dilation characteristics when confined with linear-elastic and
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non-yielding materials such as FRP. For obtaining accurate results, a Finite Element 
Method can be approached.
Mirmiran et al. (2001) carried out analytical study by making 11,000 columns with 
different reinforcement ratios, modular ratios, strength ratios, compressive-tensile 
strength ratios, yielding response of reinforcing bars, slenderness ratios, end 
eccentricities, and eccentricity ratios to investigate the effect of internally reinforced FRP 
bars on the slenderness concrete column. Figure 2-30 shows a simplified load-moment 
curve for short and long RC columns. Based on the analytical model, variation in tensile 
strength o f typical FRP bars does not affect slenderness of RC columns, except for 
aramid bars that have very low compressive strength; variation in compressive strength of 
FRP bars does not affect slenderness o f RC columns. Lower compressive strengths result 
in more stable columns, the yielding phenomenon of reinforcing bars, in and of itself, do 
not affect slenderness o f RC columns, and recommended that the current slenderness 
limit of 22 for steel-RC columns bent in single curvature be reduced to 17 for FRP RC 
columns.
e/h
Bending Moment
Figure 2-30: Schematic interaction diagrams fo r  short and long columns 
(Mirmiran et al. 2001)
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2.7 Design Codes Requirements on Capacity in RC 
Columns
The North American Codes represent the nominal axial load capacity, Pa o f the 
conventional RC column under concentric loading by the following rational equation:
Pa = K f X Ag ~  A« )+  f yAs, Equation 2-8
Where Pa Nominal axial load capacity, k c ratio between the in-place-strength of 
concrete to concrete cylinder strength, f  c specified compressive strength o f concrete, 
A g gross area of concrete section, A st area o f longitudinal reinforcement, f  y specified 
yield strength o f transverse reinforcement.
In Equation 2-8, the concrete and steel strengths at ultimate and yielding, respectively, 
are added together to compute the theoretical nominal strength or yield point of loaded 
RC columns under pure axial load. It was possible to express the column capacity in this 
simple form because both the concrete and steel reached their plastic states at 
approximately the same strain level (Ozbakkaloglu and Saatcioglu 2004).
The parameter k c is defined as the ratio between the in-place-strength o f concrete to 
concrete cylinder strength, ( f a , / f c ). The difference is usually attributed to the size
effect, shape and concrete cast practice between columns and concrete cylinders. In 1930, 
an extensive experimental program was conducted on reinforced concrete columns; as a
result, a value o f 0.85 was suggested for k c (Lyse and Kreidler 1932).
2.7.1 Concrete Colum ns Reinforced with Steel Bars
The confinement of concrete by transverse steel increases the strength o f concrete due to 
confining pressure applied by the lateral reinforcement. The concrete cover outside the
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transverse steel, however, is not confined and will crush and spall off as soon as the 
concrete reaches its limiting strain, after which the transverse steel is effective in 
confining concrete and prevents the expansion o f the concrete core. The following 
sections present a summary for the American and Canadian codes provisions for design 
concrete columns under pure axial load:
2.7.1.1 ACI 318-11 Building Code
There is no perfect axially loaded column, unintentional eccentricity occurs on the 
column section due to the end condition, inaccuracy o f construction, and normal variation 
in material properties. To take these factors into consideration, the ACI 318-11 building 
code specifies a reduction factor o f 20% and 15% in the maximum nominal load P0, for 
hooped and spiral column, respectively. Introducing the strength reduction factor (tp), 
the axial load capacity of the reinforced concrete columns according to the ACI 318-11 
building code, is as follows:
For spiral columns {<p = 0.75)
Pr =q>P0 =  0 .8 5 ^ [0 .8 5 f c'(Ag - A M) + f yAM]  Equation 2-9
For hopped columns (<p -  0.65)
Pr=<Ppa = 0.8<p[0.S5fcXAg - A sl) + f yAM'] Equation 2-10
According to the ACI 318-11 building code (Clause 10.9) the minimum longitudinal 
reinforcement ratios shall be not less than o f 0.01 and 0.005 for spiral and hooped 
columns, respectively. The maximum reinforcement ratios o f 0.08 and 0.04 were 
recommended for spiral and hooped columns, respectively. Also, it was recommended to 
use 6 bars as a minimum number of longitudinal reinforcing bars in compression 
members enclosed by spirals. Also for using a number of bars in a circular arrangement
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less than eight, the orientation o f the bars will affect the moment strength o f eccentrically 
loaded columns and should be considered in design (Clause R 10.9.2).
Also for transverse reinforcement, the volumetric spiral reinforcement ratio ps, shall be 
not less than the value given by:
Where p3 Ratio of volume of spiral reinforcement to total volume of core confined by 
the spiral (measured out-to-out of spirals), A h Cross-sectional area of a structural 
member measured to outside edges of transverse reinforcement.
2.7.1.2 CAN/CSA A23.3-04 Canadian Code
The Design of Concrete Structures CSA A23.3 (2004) Canadian code provide similar 
equations to the ACI 318-11 equations, except that they introduced a material resistance 
factor for steel and concrete instead of the strength reduction factor specified in the ACI 
318-11. In addition, the Canadian codes use the factor a x instead o f k c , which depends 
on the value of the unconfined concrete compressive strength. And the equation o f the 
maximum factored axial load resistance, Pr o f compression members shall be:
For spirally reinforced columns:
Equation 2-11
Equation 2-12
For hooped columns:
Equation 2-13
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Where Pr factored axial load resistance at zero eccentricity, ccx ratio of average stress in 
rectangular compression block to the specified concrete strength, <pc resistance factor for 
concrete, <ps resistance factor for non-pre-stressed reinforcing bars.
a x = 0 .8 5 -0 .0 0 1 5 /7  — 0.67 Equation 2-14
The limitation o f the longitudinal and transverse reinforcement ratios are similar to that 
provided in the ACI 318-11.
2.7.1.3 Canadian Highway Bridge Design Code CAN/CSA S6-06
According to the Canadian Highway Bridge Design Code (CAN/CSA S6-06 Edition 
2010), the factored axial load resistance Pr o f the RC column is given by the following 
equation:
Pr =k\_a.x<pcf'X A g - A m) + (pJyA^  ]  Equation 2-15
Where k  strength reduction factor for unexpected eccentricities, which equal to 0.80, (pc 
Resistance factor for concrete, which equal to 0.75, <ps Resistance factor for non-pre- 
stressed reinforcing bars, which equal to 0.9.
For Transverse reinforcement, the ratio o f spiral reinforcement,ps, shall not be less than 
the following value:
A  =  0 4 5
ACh
/ ;
/>yh
P f0.5 + 1.25 f—
< P c fc A g
Equation 2-16
Where, Pf Factored axial load at a section at the ultimate limit state.
In addition, Clause 8.14.4.3 mentioned that, the stirrups shall be at least 10M when the 
longitudinal bars are 30M or smaller and at least 15M when the longitudinal bars are
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larger than 30M. The spacing of the stirrups shall not exceed: 16 Times the diameter of 
the longitudinal bar; the least dimension of the component; and 450 mm (Clause 
8.14.4.3).
2.7.2 Concrete Colum ns Reinforced with FRP Bars
As mentioned previously, the North American codes have a lack in designing circular 
column reinforced with GFRP.
FRP reinforcement has a significantly lower compressive strength than tensile strength, 
and is subject to significant variation (Kobayashi and Fujisaki 1995). Available data 
indicate that the compressive modulus of FRP bars is lower than its tensile modulus. Due 
to the combined effect of this behavior and the relatively lower modulus o f FRP 
compared with steel, the maximum contribution o f compression FRP reinforcement 
calculated at crushing of concrete (typically at £m -  0.003) is small. In general, the North 
American codes have a lack in designing circular concrete columns reinforced with FRP 
bars as a result of there is no available data or enough experimental investigations in the 
literature.
2.7.2.1 ACI 440.IR.06 Design Guide
The ACI 440.1R-06 (2006) design guide does not recommend the use of FRP bars in 
columns. It is stated that the strength o f any FRP bar in compression should be ignored in 
design calculations. In addition, FRP reinforcement should neither be used as 
reinforcement in columns nor other in compression members, nor as compression 
reinforcement in flexural members, [Clause 1.4]. Also, further research is needed in the 
area of compressive strength o f FRP bars.
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2.1.2.2 Canadian Highway Bridge Design Code CSA S6-06
The Canadian Highway Bridge Design Code CSA S6-06 (Edition 2010) does not 
includes any provisions or design equations for using FRP bars as reinforcements in the 
compression members (RC columns).
2.1.2.3 CAN/CSA S806-12 C anadian Code
The factored axial load resistance Pr of the confined columns provided by CAN/CSA 
S806-12 Building Code is the same as mentioned before by CSA A23.3-04 with ignoring 
the longitudinal FRP bars contribution. The value <pc = 0 .65 is adopted by the CSA 
S806-12 leading to the following equation:
Pr = a x<Pcf'Mg - AFXp) Equation 2-17
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CHAPTER 3 
RESEARCH PROGRAM
3.1 General
As presented earlier in chapter two, review of literature has demonstrated the need for 
further knowledge about the using of FRP reinforcements in circular RC columns which 
are the most important elements in the structure.
The research investigation was conducted to evaluate the behavior of the circular 
concrete columns internally reinforced with GFRP or CFRP longitudinal bars and spiral 
or hoops stirrups. The research program was divided into two phases, the first phase was 
an experimental work, while the second phase was a theoretical study to make a 
modification of the existing equations o f North America Codes for design FRP circular 
reinforced columns under axial loads and to propose a new confinement model for FRP 
RC circular columns. This chapter presents the details o f whole research program.
3.2 Experimental Research Program
3.2.1 Introduction
The experimental program focuses on the behavior of circular concrete columns 
reinforced with GFRP or CFRP longitudinal bars and spiral or hoops stirrups under 
concentric axial loads. Moreover, the experimental work will discuss about the effect of 
the GFRP or CFRP reinforcement (longitudinal bars and transverse spiral and hoops) on 
the column behavior. The following sections present the experimental research program 
in terms o f materials, test matrix, specimens’ details, and parameters.
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3.2.2 M aterial Properties
Four materials were used in fabricating the test specimens, these material are the 
concrete, steel (for control specimens), GFRP, and CFRP.
3.2.2.1 Plain Concrete
The concrete were casted by using ready mix normal weight, ready-mixed concrete with 
an average compressive strength 42.9 MPa after 28 days. The actual compressive strength 
was determined based on the average test results of ten concrete cylinders (150 x 300 
mm) tested on the same day as the start o f testing o f the column specimens.
3.2.2.2 Steel Reinforcement
Two types of reinforcing steel bars were used in this study to reinforce the steel RC 
specimens: first, deformed steel bar 15M (nominal diameter 16.0 mm) for longitudinal 
reinforcement. Second, smoothed bar 10M (nominal diameter 9.5 mm) served as 
transverse spiral reinforcement. Table 3-1 shows the mechanical proprieties o f grade 60 
steel bars used in this study.
Table 3-1: Steel reinforcing properties
B ar Area Elastic Tensile Yield Tensile Tensile Strain
No. (mm2) Modulus E st (GPa) Strength f y (MPa) (% )
10M 71 200 460 0.2
15M 200 200 460 0.2
3.2.2.3 GFRP Reinforcement
GFRP is characterized by the lowest tensile elastic modulus. Flowever, it exhibits the 
highest ultimate tensile strain among different types o f FRP. The GFRP also considered 
the most economical FRP materials.
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Sand-coated GFRP bars and newly developed GFRP spirals were used to reinforce the 
GFRP RC column specimens in the transverse and longitudinal directions, respectively 
(see Figure 3-1 and Figure 3-2). The tensile properties o f longitudinal FRP bars were 
determined by performing B.2 test method according to ACI 440.3R (2004) as reported 
in Table 3-2.
a- GFRP spirals
b- GFRP hoops 
Figure 3-1: GFRP stirrups
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Figure 3-2: GFRP bars 
Table 3-2: Mechanical properties o f  the GFRP reinforcement
Bar
Size
Diameter
(mm)
Area
(mm2)
Elastic Tensile 
M odulus 
(GPa)
Tensile
Strength
(MPa)
Tensile
Strain
(% )
G FRP bars
# 2 6.4 32 52.5 f , .  = M8 1.90
# 3 9.5 71 53.4 II 00 00 1.89
# 4 12.7 129 53.6 II 1.70
# 5 15.9 199 55.4 / *  = 934 1.56
* As provided by the manufacturer
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3.2.2.4 CFRP Reinforcement
Also, sand-coated CFRP bars and newly developed CFRP spirals were used to reinforce 
the CFRP RC column specimens in the transverse and longitudinal directions, 
respectively as shown in Figure 3-3 and Figure 3-4. Table 3-3 represents the tensile 
properties of longitudinal FRP bars determined by performing B.2 test method according 
to ACI 440.3R (2004).
a- CFRP spirals
b- CFRP hoops 
Figure 3-3: CFRP stirrups
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Figure 3-4: CFRP bars 
Table 3-3: Mechanical properties o f  the CFRP reinforcement
Elastic Tensile Tensile Tensile
Bar Diameter Area
Modulus Strength Strain
Size (mm) (mm2)
(GPa) (MPa) (%)
CFRP bars
127 f fu = 1518 1.20
120 f f u = 1596 1.33
140 f f u = 1899 1.32
* As provided by the manufacturer
# 2 6.4 32
# 3  9.5 71
# 4  12.7 129
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3.2.3 Test M atrix, Param eters and Specim ens Details
Experimental program of the current research consists of twenty seven full scale circular 
RC columns, 300 mm in diameter and 1500 mm in height (see Figure 3-5). The test 
matrix was arranged to assess the influence of reinforcement type; longitudinal FRP 
reinforcement ratio; and different volumetric ratios, diameters, and spacing o f spiral 
reinforcement.
300 mm Dia.
Plain
O
OB
B
©o
in
M10 (5) 40 or 80 mm6M15Spiral pitch C\C variable
Steel
# variable
Stirrup variable
Dia. variable
GFRP or CFRP 
Section A-A
Omrs Spiral pitch = 50 mm
Figure 3-5: Configuration, reinforcement details, and dimensions o f  RC columns.
Tested specimens were divided to three different series as shown in Figure 3-6. Series I 
contains three references columns; one plain concrete and 2 RC columns reinforced with 
steel reinforcement. Series II contains 12 specimens internally reinforced with GFRP 
longitudinal bars and transverse GFRP stirrups, while series III for RC specimens 
reinforced with CFRP bars and spiral or hoops stirrups.
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Experimental Work
Series I
(3 control 
specimens)
Series II
(12 GFRP RC 
specimens)
Series III
(12 CFRP RC 
specimens)
Figure 3-6: Schematic plan fo r  experimental program
Each specimen is identified with three codes. The letters S, G, and C identify specimens 
as being reinforced with steel, GFRP, CFRP bars, respectively. The letters V refer to 
vertical reinforcement, while, H and O refer to spiral or hoops stirrups, respectively. The 
first number in the specimen identification code indicates the number of longitudinal 
steel, GFRP, CFRP bars. The second and third numbers stands for the diameter and 
spacing of the spiral (or overlap length for hooped specimens) stirrups, respectively. All 
the FRP RC columns were designed according to CSA/CAN S806-12 code requirements 
for longitudinal and transverse reinforcement. The details of each series are presented in 
the following section:
Series I was proposed in the experimental program as control specimens. The series 
contains three references columns; plain concrete column (P) without reinforcement and 
two steel RC specimens (S6V-3H40 and S6V-3H80). The two steel specimens were 
reinforced longitudinally with 6M15 steel bars (to have the same longitudinal bars 
contribution) and transversely with 10M steel spirals with pitches of 40 and 80 mm, 
respectively. These control specimens were introduced into the experimental program as 
references for comparison with GFRP and CFRP RC columns. Specimens’ full details of 
this series are represented in Table 3-4.
3.2.3.1 Series I Specimens’ Details
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Table 3-4: Series I  specimen details
Specimen
ID
Longitudinal Reinforcement T ransverse Reinforcem ent
P s t  % N um ber of bars P s % B ar No. Pitch (mm)
P — — — — —
S6V-3H40 1.7 6M15 3.0 10M 40
S6V-3H80 1.7 6M15 1.5 10M 80
3.2.3.2 Series II Specimens’ Details
Series II consists o f twelve columns; all columns were reinforced with GFRP longitudinal 
bars and GFRP spiral or hoops stirrups. Test matrix and details o f column specimens of 
Series II are presented in Table 3-5. The specimens o f this series were divided into five 
groups according to test matrix. Group I includes three specimens to study the effect of 
GFRP longitudinal reinforcement ratio (G4V-3H80, G8V-3H80, and G12V-3H80).
The influence of spiral diameter (size) was considered in Group II by using No. 6.4 mm, 
No. 9.5 mm, and No. 12.7 mm GFRP spirals with a constant pitch of 80 mm in specimens 
G8V-2H80, G8V-3FI80, and G8V-4H80, respectively. While, Group III included three 
specimens (G8V-3H40, G8V-3H80, and G8V-3H120) to study the effect o f  spiral 
spacing.
Group IV included three specimens to study the effect o f spiral size / spacing 
configuration, while maintaining a constant volumetric ratio ( p , -  1.5). Three spiral
diameters (No. 6.4 mm, No. 9.5 mm, and No. 12.7 mm) were used with three different 
spacing (35, 80, and 145 mm), respectively, in preparing columns in this group. Finally, 
Group V includes there specimens to investigate the effect o f hoop stirrups overlap length 
The specimens of this group have the same stirrup diameter (No.3) and same spacing 
(80mm) with overlap length of 200, 400, and 600 mm.
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Table 3-5: Series II GFRP specimen details
Specimen ID
Longitudinal Reinforcement T ransverse Reinforcem ent
P s t  % N um ber of bars P s  0/0 B ar No. Pitch (mm)
G8V-3H80 2.2 8No.5 1.5 3 80
G4V-3H80 1.1 4 No.5 1.5 3 80
G12V-3H80 3.2 12No.5 1.5 3 80
G8V-2H80 2.2 8No.5 0.7 2 80
G8V-4H80 2.2 8No.5 2.7 4 80
G8V-3H40 2.2 8No.5 3.0 3 40
G8V-3H120 2.2 8No.5 1.0 3 120
G8V-2H35 2.2 8No.5 1.5 2 35
G8V-4H145 2.2 8No.5 1.5 4 145
G8V-30200 2.2 8No.5 1.5 3
•000
G8V-30400 2.2 8No.5 1.5 3
+000
G8V-30600 2.2 8No.5 1.5 3 80*
* Hooped stirrups with overlap length equal to 200mm. +Hooped stirrups with overlap length 
equal to 400mm. *Hooped stirrups with overlap length equal to 600 mm.
North American Codes requirements have been taken into consideration in the design of 
the concrete columns in terms o f longitudinal reinforcement ratio, number o f bars, pitch 
o f spiral and transverse reinforcement ratio, as attached in APPENDIX A.
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3.2.3.3 Series III Specimens’ Details
Series III consists of twelve columns (as Series II); all columns were reinforced with 
CFRP longitudinal bars and CFRP spiral or hoops stirrups. Test matrix and details of 
column specimens of Series III are presented in Table 3-6. The specimens o f this series 
also were divided into five groups according to test matrix. Group I includes three 
specimens to study the effect of CFRP longitudinal reinforcement ratio.
Group II, III, IV, and V specimens served to study the same parameters as Series II (see 
Table 3-6). The specimens in these groups were reinforced longitudinally with 10 
No. 12.7 mm CFRP bars. Specimen C10V-3H80 (Group I) served as a reference for the 
three groups. The GFRP spiral reinforcement was designed to reflect the practical 
limitations concerning bar size, minimum volumetric ratio and minimum and maximum 
clear spacing between spirals.
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Table 3-6: Series III CFRP specimen details
Specimen ID
Longitudinal Reinforcement Transverse Reinforcement
P s t  % N um ber o f bars P s  % B ar No. Pitch (mm)
C6V-3H80 1.0 6 No.4 1.5 3 80
C10V-3H80 1.7 10No.4 1.5 3 80
C14V-3H80 2.4 14 No.4 1.5 3 80
C10V -2H80 1.7 10 No.4 0.7 2 80
C10V -4H80 1.7 10 No.4 2.7 4 80
C10V -3H40 1.7 10 No.4 3.0 3 40
C10V -3H120 1.7 10 No.4 1.0 3 120
C10V -2H35 1.7 10 No.4 1.5 2 35
C10V -4H145 1.7 10 No.4 1.5 4 145
C10V -30200 1.7 10 No.4 1.5 3 80*
C10V -30400 1.7 10 No.4 1.5 3 00 o +
C10V -30600 1.7 10 No.4 1.5 3 80*
*Hooped stirrups with overlap length equal to 200mm. +Hooped stirrups with overlap length 
equal to 400mm. *Hooped stirrups with overlap length equal to 600 mm.
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3.2.4 Fabrication of the Test Specim ens
Steel, GFRP and CFRP reinforcement cages were assembled as shown in Figure 3-7  and 
Figure 3-8. Very stiff Sonotubes plumb used to cast test circular column specimens, and 
wooden forms were used to keep all the specimens in vertical position. Each formwork 
contains five specimens. Formwork consists o f three wooden plates; one at bottom, one at 
mid-height, and one at the top. Each wooden plate was prepared with five holes to pass 
and support the Sonotubes plumb; the three wooden plates were levelled and maintained 
horizontally by using vertical, horizontal and diagonal wooden rods. Figure 3-9 shows the 
fabrication shutter of the specimens.
Reinforcement cages are placed in the formwork as shown in Figure 3-10. Supporting the 
cage in the formwork with plastic spacers along the side ensures the required concrete 
cover (25 mm).
Figure 3-7: Overview o f  the GFRP cages
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Figure 3-8: Overview o f  the CFRP cages
Figure 3-9: Overview o f  the formwork
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a) Steel cage
b) GFRP cage
c- CFRP cage 
Figure 3-10: Overview fo r  cages inside formwork
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All columns were cast vertically to simulate typical construction practices with columns. 
The concrete was provided by a local ready-mix concrete company. The concrete was 
discharged into the column forms directly from ready-mix concrete truck (see 
Figure 3-11) in approximately 3 lifts; an electric internal vibrator was used to consolidate 
the concrete and to remove air bubbles. Ten standard cylinders o f 150 mm diameter and 
300 mm height were prepared and cured in the same conditions o f the specimens. 
Columns are covered with wet burlap and cured for 7 days. All the specimens capped on 
both ends with a thin layer of high-strength cement grout for leveling and to ensure 
uniform distribution o f the applied load across the cross section. Concrete cylinders are 
tested at the day of specimen testing, then the maximum and minimum values are 
excluded and the average value of the strength is calculated to ensure that required 
strength is achieved. Figure 3-12 illustrates the column specimens after casting.
Figure 3-11: Casting columns specimens
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Figure 3-12: Column specimens after casting and capping
3.2.5 Instrumentations and Test Setup
Internal and external instrumentation was used in this study to capture the local strain 
distributions of the column specimens as shown in Figure 3-13 and Figure 3-14. Before 
casting, three of the longitudinal steel, GFRP, or CFRP bars were instrumented with 
electrical strain gauges at mid-length. The spiral reinforcement was also integrated with 
four strain gauges in the test region. These strain gauges were 90° apart along the spiral 
perimeter.
Four linear variable differential transducers (LVDTs) were located in the test region to 
measure the axial deformations o f each specimen. There were mounted on threaded rods 
that were installed before the concrete was placed. LVDTs were placed vertically at 90° 
apart along the hoop direction over a gauge length o f 400 mm (see Figure 3-14).
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, Spirals and Hoops 
spacing = 50 mm
Spirals and Hoops 300 mm Dia 
spacing = 80 mm Plain
No.3@ 80 mm 
6M15
10 #4
Ld =200, 400, or 600 mm
CFRP
Spirals and Hoops 
 ^spacing = 50 mm Steel
o
Hoops overlap length
Spirals and hoops 
strain gages
®
Longitudinal bars 
with strain gages
GFRP
Figure 3-13: Configuration, reinforcement details, and strain gauges locations o f  RC
columns
Steel collars measuring 250 mm in width and 12.7 mm in thickness were externally 
confined at the end regions, to further prevent premature failure there. The column 
specimens were tested under concentric axial loading using a 11,400 kN MTS testing 
machine. The test started with load control (2.5 kN/s) up to a load level equal to 2100 kN. 
Then, the test was continued using displacement control (0.002 mm/s), until the 
resistance o f the given specimen dropped to 35% of the peak load or until the axial 
displacement reached a value of 30 mm. The internal load cell of the MTS testing 
machine was used to measure the axial load and machine head displacement that were 
applied to the column specimens.
During the test, load, axial displacement, and reinforcement strains (longitudinal and 
transverse directions) were recorded with using an automatic data-acquisition system 
connected to the computer. Figure 3-15 shows the typical test setup for the concentrically 
loaded columns.
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G
LVDT's Locations
Confinement 
Steel Plate
Specimen
LVDTs
Confinement 
Steel Plate
Figure 3-14: LVD T’s and steel collars locations
Figure 3-15: Test setup overview
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3.3 Analytical Research Program
As a step to enrich the database o f axial behavior o f RC compression members reinforced 
longitudinally with GFRP or CFRP bars and confined laterally by GFRP or CFRP spiral 
and hoops stirrups. A theoretical approach was developed a new incremental stress-strain 
relationship of confined concrete to simulate the behavior o f RC circular column 
reinforced with GFRP bars and stirrups under concentric compression load. The model 
takes into account the effect o f many parameters such as; longitudinal reinforcement 
ratio; stirrup configuration; and the volumetric ratio, size, and spacing of spirals. New 
proposed analytical model can be used to evaluate the confining pressure, concrete core 
stress and concrete strain corresponding to peak concrete core stress.
72
Chapter 4 —Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
CHAPTER 4  
AXIAL CAPACITY OF CIRCULAR CONCRETE 
COLUMNS REINFORCED W ITH GFRP BARS 
A N D  SPIRAL STIRRUPS
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4.1.2 French titre:
Capacite axial des colonnes circulaire en beton renforce de barres en PRFV et des etriers 
en spirales.
4.1.3 Contribution in thesis:
In this chapter, the behavior of the circular columns reinforced with GFRP bars and 
spirals is investigated. The test results and analysis discussion of each parameter is 
represented in this chapter.
4.1.4 French abstract:
Plusieurs codes et guides de design sont maintenant disponibles pour la conception de 
structures en beton arme de barres d’armature en polymeres renforces de fibres (PRP) 
sous des charges de flexion et de cisaillement. Pourtant, en raison d'un manque de 
recherche, les codes nord-americains et les guides de design ne recommandent pas 
l’utilisation de barres en PRF comme armature longitudinale dans les colonnes pour 
resister a des contraintes de compression. Le present document se base sur les douze 
colonnes circulaires a grande echelle en beton arme testees sous une charge axiale 
concentrique. Les colonnes etaient renforcees de barres longitudinales en PRFV et de 
nouveaux etriers en PRFV nouvellement developpes. Les colonnes de 300 mm de 
diametre ont ete con^ues selon la norme CAN / CSAS806 - 12 du code canadien. Parmi 
les parametres d'essai figurent le type d’armature (PRFV vs acier) ; le pourcentage 
d'armature longitudinale en PRFV, et les pourcentages volumetriques, les diametres et 
l'espacement de l’armature en spirale. Les resultats des essais ont montre que les 
colonnes renforcees de PRFV et d'acier se sont comportees d'une maniere similaire. La 
charge moyenne supportee par les barres longitudinales en PRFV a varie entre 5% et 10% 
de la charge maximale. La ductilite et l'efficacite du confinement peuvent etre ameliorees 
par l’utilisation de spirales en PRFV de petits diametres avec un petit espacement plutot 
que de grands diametres avec un plus grand espacement. Ignorant la contribution des
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barres en PRFV dans la norme CAN / CSAS806 -12, l’equation de design sous-estime la 
capacite maximale des echantillons testes.
Mots-cles: beton, colonne circulaire; charge axiale; confinement; ductilite; barres en 
PRFV; spirales en PRFV.
4.2 Abstract
Several codes and design guidelines are now available for the design of concrete 
structures reinforced with fiber-reinforced-polymer (FRP) bars under flexural and shear 
loads. Yet, due to a lack of research, North American codes and design guidelines do not 
recommend using FRP bars as longitudinal reinforcement in columns to resist 
compressive stresses. This paper reports on twelve full-scale circular reinforced-concrete 
(RC) columns were tested under concentric axial load. The columns were reinforced with 
longitudinal glass-FRP (GFRP) bars and newly developed GFRP spiral stirrups. The 300 
mm diameter columns were designed according to CAN/CSA S806-12 code 
requirements. The test parameters included reinforcement type (GFRP versus steel); 
longitudinal GFRP reinforcement ratio; and the volumetric ratios, diameters, and spacing 
of spiral reinforcement. The test results indicated that the GFRP and steel RC columns 
behaved in a similar manner. The average load carried by the longitudinal GFRP bars 
ranged between 5% and 10% of the maximum load. The ductility and confinement 
efficiency can be better improved by using small GFRP spirals with closer spacing rather 
than larger diameters with greater spacing. Ignoring the contribution o f GFRP bars in the 
CAN/CSA S806-12 design equation underestimated the maximum capacity o f the tested 
specimens.
Keywords: Concrete; Circular column; Axial load; Confinement; Ductility; GFRP bars; 
GFRP spirals.
75
Chapter 4 - Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
4.3 Introduction
Circular reinforced-concrete (RC) compression members such as columns, piles, and 
bridge pier columns are used to transmit axial loads from upper to lower levels. These 
compression members are, in general, the most critical elements in the structure. Failure 
of one o f them in a critical location can lead to the structure’s total collapse. Such 
columns are usually reinforced with conventional steel bars and spirals or hoops. Steel 
reinforcement has a limited service life and entails high maintenance costs due to 
corrosion when used in aggressive and/or harsh marine environments. This high cost has 
spurred interest in alternative noncorrosive reinforcing materials such as fiber-reinforced- 
polymer (FRP) bars.
FRP bars offer many advantages over conventional steel bars, including a density o f one- 
quarter to one-fifth that o f steel, greater tensile strength than steel, and no corrosion even 
in harsh chemical environments (Rizkalla et al. 2003; El-Salakawy et al. 2003; 
Benmokrane et al. 2006; Benmokrane et al. 2007). Recent years have seen valuable 
research work on and widespread applications o f FRP bars as flexural and shear 
reinforcement for concrete structures (ISIS Canada 2009). Nonetheless, the axial 
behavior of FRP RC compression members has not yet been defined. ACI 440.1R-06 
highlights that further research is needed in this area. Testing o f FRP bars in compression 
is typically complicated by the occurrence o f fiber micro-buckling due to the anisotropic 
and non-homogeneous nature of the FRP material. Therefore, a standard test method for 
FRP bars under compressive axial loading has not yet been introduced. On the other 
hand, ACI 440.1R-06 does not recommend the use o f FRP bars as longitudinal 
reinforcement in columns. Moreover, Canadian codes [CSA S6-06 (S6S1-10) and CSA 
S806-12] neglect the contribution o f the compressive resistance o f FRP longitudinal 
reinforcement in the compression zone in flexural and compressive concrete members.
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4.4 Previous Research
While FRP bars have many favorable characteristics for use as flexural tension 
reinforcement, some fundamental properties need to be defined for use in compression 
members. Previous research indicates that the strength and modulus o f FRP bars in 
compression are lower than that in tension (Wu 1990). Compressive strength of 55% of 
the tensile strength has been reported for glass-FRP (GFRP) bars (Mallick 1988; Wu 
1990). Chaallal and Benmokrane (1993) investigated the compression behavior of GFRP 
bars of three different diameters (15.9, 19.1, and 25.4 mm). The test results indicated that 
the average compressive strength was 77% of the tensile strength.
In 1995, Kobayashi and Fujisaki tested GFRP bars embedded in concrete prisms. 
Compression forces were applied only in the FRP bars at the center. Test results showed 
that the compressive strengths of GFRP bars were 30% to 40% o f their tensile strengths. 
Deitz et al. (2003) tested 45 GFRP bars (15 mm diameter with un-braced lengths varying 
from 50 to 380 mm) under compression. The results showed that the compressive 
strength was approximately 50% of the tensile strength, while the compression modulus 
was found to be the same as in tension. Paramanantham (1993) tested 14 concrete beam- 
columns (200 x 200 x 1800 mm) reinforced with GFRP bars. The study reported that the 
GFRP bars would only be stressed up to 20% to 30% of its ultimate strength in 
compression members. Kobayashi and Fujisaki (1995) tested small-scale square FRP RC 
columns (200 x 200 x 650 mm). The specimens were reinforced longitudinally by grid 
type FRP. It was concluded that the axial capacity o f FRP RC columns could be 
estimated conservatively by ignoring the contribution o f FRP bars.
Alsayed et al. (1999) investigated the effect o f replacing steel with GFRP reinforcement 
with an equal amount o f longitudinal bars and hoops on the compression behavior of 
fifteen 450 x 250 x 1200 mm columns. It was reported that replacing longitudinal steel 
bars with GFRP bars reduced the capacity by 13%, irrespective of hoop type (steel or 
GFRP). Replacing only the steel hoops with GFRP hoops reduced the capacity by 10%,
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with no influence on the load-deformation response up to 80% of the peak capacity. 
Sharma et al. (2005) reported on the axial load capacities o f square concrete columns 
reinforced with GFRP bars with three different reinforcement ratios: 0.723, 1.08, and 
1.45%. Their study indicated that increasing the reinforcement ratio increased the 
ductility.
Choo et al. (2006a) developed analytical procedures for constructing the axial-load- 
bending-moment interaction diagram o f short and slender RC columns reinforced 
longitudinally with FRP bars. It was concluded that ignoring the contribution o f FRP 
reinforcement in the compression zone may be conservative, and a minimum 
reinforcement ratio greater than 0.6% should be provided to prevent brittle failure. De 
Luca et al. (2010) carried out tests on five full-scale RC square column specimens 
reinforced with GFRP bars and hoops stirrups. They reported that the behavior of GFRP 
RC columns was similar to that reinforced with steel bars. Their results also indicated 
that the contribution o f the GFRP and steel bars as internal reinforcement to the column 
capacity, however, was about 5 % and 12%, respectively, of the peak load. Lotfy (2010) 
tested square concrete columns (with three different reinforcement ratios of GFRP bars). 
The study reported that increasing the reinforcement ratio increased column ductility.
A recent study reported on by Tobbi et al. (2012) assessed the compression behavior of 
square RC columns reinforced with FRP bars and hoops stirrups. According to its 
findings, column nominal capacity can be calculated considering the compressive 
strength o f GFRP bars to be equal to 35% of its tensile strength. In conclusion, the 
aforementioned research works indicated that the compression behavior o f FRP 
reinforcement has been subjected to significant variation and that test data were scattered. 
There is a consensus that FRP bars have lower compression strength than tensile strength, 
whereas the strength of GFRP bars in compression varied from 30% to 77% in tension.
So far, however, only a few studies have investigated the behavior o f concrete columns 
reinforced with FRP bars and hoops or spirals stirrups. Moreover, no experimental 
research on the axial behavior o f circular concrete columns reinforced with FRP
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reinforcement has been reported yet. A combined experimental and analytical 
investigation on performance of concrete columns reinforced with FRP bars and hoops or 
spirals stirrups is underway at the University o f Sherbrooke. The experimental research 
includes the testing o f 48 large-scale square and circular concrete columns under 
concentric compressive loading. The column specimens were reinforced with either 
GFRP or CFRP reinforcement. This paper reports the test results of concentrically tested 
circular concrete columns reinforced with GFRP bars and spirals.
4.5 Objectives
This study aimed at providing basic technical information and yielding better 
understanding of the compression behavior of circular GFRP RC columns. A number of 
research objectives were identified and are listed below.
• To assess the compression behavior o f full-scale circular concrete columns reinforced 
with longitudinal GFRP bars and transverse GFRP spirals.
• To investigate the effect o f longitudinal and transverse GFRP reinforcement parameters 
on the ultimate capacity, post-peak behavior, and failure mechanisms o f the columns.
• To verify the accuracy o f existing axial-load design formulas and then to propose a 
threshold and develop design guidelines for predicting the compression capacity o f such 
columns.
4.6 Experimental Program
In this study, 12 full-scale circular RC columns were prepared and tested under 
monotonically increasing pure axial load. They included 9 RC columns reinforced with 
longitudinal GFRP bars and transverse GFRP spirals. The remaining 3 columns were 
prepared as references: one plain-concrete and two steel RC columns. All tested 
specimens measured 300 mm in diameter and 1500 mm in height. The test parameters 
included reinforcement type (GFRP versus steel); longitudinal GFRP reinforcement ratio; 
and different volumetric ratios, diameters, and spacing of spiral reinforcement.
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4.6.1 M aterial Properties
Sand-coated GFRP bars and newly developed GFRP spirals were used to reinforce the 
GFRP RC column specimens in the longitudinal and transverse directions, respectively 
(see Figure 4-1). The GFRP longitudinal bars and spirals were made of continuous high- 
strength E-glass fibers impregnated in a thermosetting vinyl-ester resin, additives, and 
fillers with a fiber content of 80.0% of weight (Pultrall Inc. 2012). The GFRP 
reinforcement had a sand-coated surface to enhance bond performance between the bars 
and the surrounding concrete. No. 15.9 mm (#5) GFRP bars were used as longitudinal 
reinforcement for all the GFRP RC columns. No. 6.4 mm (#2), No. 9.5 mm (#3), and No.
12.7 mm (#4) GFRP spiral reinforcements were used as spirals in the transverse 
direction.
a. G FR P spiral stirrups
b. No. 15.9 mm GFRP bars 
Figure 4-1: GFRP bars and spiral stirrups 
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The tensile properties of longitudinal FRP bars were determined by performing B.2 test 
method according to ACI 440.3R (2004) as reported in Table 4-1. Two grade 60 steel-bar 
diameters were used to reinforce the steel RC control specimens. Deformed steel bars 
15M (diameter o f 16 mm) were used as longitudinal reinforcement, while smoothed steel 
bars 10M (diameter of 9.5 mm) served as transverse spiral reinforcement. Table 4-1 
provided the tensile properties of grade 60 steel bars. All column specimens were cast on 
the same day with normal-weight, ready-mixed concrete with an average compressive 
strength of 42.9 MPa. The actual compressive strength was determined based on the 
average test results of ten concrete cylinders (150 x 300 mm) tested on the same day as 
the start o f testing of the column specimens.
Table 4-1: Tensile properties o f  the GFRP and steel bars
Bar
Size
Diameter
(mm)
Area
(mm2)
Elastic Tensile 
M odulus 
(GPa)
Tensile
Strength
(M Pa)
Tensile
Strain
(% )
GFRP bars
# 2 6.4 32 52.5 ff. = 938 1.90
#3 9.5 71 53.4 / / .  = 889 1.89
# 4 12.7 129 53.6 II vD 1.70
# 5 15.9 199 55.4 ffu  = 934 1.56
Steel bars
10M 9.5 71 200 f y =460 0.2
15M 16 200 200 f y = 460 0.2
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4.6.2 Test M atrix and Specim en Preparation
The test matrix was arranged to assess the influence o f  reinforcement type (GFRP versus 
steel); longitudinal GFRP-reinforcement ratio; and different volumetric ratios, diameters, 
and spacing of spiral reinforcement. Table 4-2 provides the test matrix and reinforcement 
details of the column specimens. Each specimen is identified with three codes. The letters 
S and G identify specimens as being reinforced with steel or GFRP bars, respectively. 
The letters V and H refer to vertical and horizontal reinforcement, respectively. The first 
number in the specimen identification code indicates the number of longitudinal steel or 
GFRP bars. The second and third numbers stands for the diameter and spacing of the 
spiral stirrups, respectively.
The specimens were divided into five groups according to test matrix. Group I includes 
three control specimens: plain-concrete column (P) without reinforcement and two steel 
RC specimens (S6V-3H40 and S6V-3H80). The two steel specimens were reinforced 
longitudinally with 6M15 steel bars (to have the same longitudinal bars contribution) and 
transversely with 10M steel spirals with pitches of 40 and 80 mm, respectively. These 
control specimens were introduced into the experimental program as references for 
comparison with GFRP RC columns.
Group II includes three specimens to study the effect o f GFRP longitudinal reinforcement 
ratio (G4V-3H80, G8V-3H80, and G12V-3H80). The three specimens were reinforced 
laterally with spiral No. 9.5 mm GFRP bars with a constant pitch (80 mm). As shown in 
Table 4-2, three different longitudinal reinforcement configurations were treated. Using 
4, 8, and 12 No. 15.9 mm GFRP bars provided reinforcement ratios {p s, ) o f l . l ,  2.2, and
3.2%, respectively. The two GFRP RC columns (G8V-3H40 and G8V-3H80) were 
designed to have 8 longitudinal 15M steel bars based on the equivalent strength of 6 
longitudinal steel bars used in the two counterpart specimens (S6V-3H40 and S6V- 
3H80). A reduction factor of 0.35 was chosen to account for the reduction in the 
compressive strength of the GFRP bars (Tobbi et al. 2012; Kobayashi and Fujisaki 1995).
82
Chapter 4 — Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
Group III, IV, and V specimens served to study the effect of lateral reinforcement 
parameters on axial capacity in terms o f volumetric ratios, diameters, and spacing of 
spiral reinforcement. The specimens in these groups were reinforced longitudinally with 
8 No. 15.9 mm GFRP bars. Specimen G8V-3H80 (Group I) served as a reference for the 
three groups. The GFRP spiral reinforcement was designed to reflect the practical 
limitations concerning bar size, minimum volumetric ratio and minimum and maximum 
clear spacing between spirals. The influence o f spiral diameter (size) was considered in 
Group III by using No. 6.4 mm, No. 9.5 mm, and No. 12.7 mm GFRP spirals with a 
constant pitch of 80 mm in specimens G8V-2H80, G8V-3H80, and G8V-4H80, 
respectively.
Group IV included three specimens (G8V-3H40, G8V-3FI80, and G8V-3H120) to study 
the effect of spiral spacing with three different spacing o f No. 9.5 mm spirals (40, 80, and 
120 mm), respectively.
Finally, Group V included three specimens (G8V-2H35, G8V-3H80, and G8V-4H145) to 
study the effect of spiral size / spacing configuration, while maintaining a constant 
volumetric ratio ( p s = 1.5). Three spiral diameters (No. 6.4 mm, No. 9.5 mm, and No.
12.7 mm) were used with three different spacing (35, 80, and 145 mm), respectively, in 
preparing columns in Group V.
All the GFRP RC columns were designed according to CSA/CAN S806-12, Clause 
(8.4.3.13) code requirements for longitudinal and transverse reinforcement. The steel RC 
columns were designed according to ACI 318-11 and CSA/CAN A.23.3-04 code 
requirements. Specimens G4V-3H80, G8V-3H120, and G8V-4H145, however, were 
prepared out o f CSA/CAN S806-12 code requirements for comparison purposes and to 
assess the code’s upper and lower limits. Specimen G4V-3H80 was reinforced with 4 
longitudinal bars, which is fewer than recommended by standards (a minimum 6 bars for 
circular columns); specimens G8V-3H120 and G8V-4H145 had pitches o f 120 mm and
83
Chapter 4 -  Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
145 mm, respectively, which is greater than the maximum spacing limit (six times the 
diameter of the smallest longitudinal bar).
Table 4-2: Test matrix and GFRP specimen details
Group Specimen ID
Longitudinal Reinforcem ent Transverse Reinforcem ent
A ,% N um ber of bars Ps % Bar No. Pitch (mm)
I
P — — — — —
S6V-3H40 1.7 6M15 3.0 10M 40
S6V-3H80 1.7 6M15 1.5 10M 80
II
G8V-3H80 2.2 8No.5 1.5 3 80
G4V-3H80 1.1 4 No.5 1.5 3 80
G12V-3H80 3.2 12 No.5 1.5 3 80
III
G8V-2H80 2.2 8No.5 0.7 2 80
G8V-4H80 2.2 8No.5 2.7 4 80
IV
G8V-3H40 2.2 8No.5 3.0 3 40
G8V-3H120 2.2 8No.5 1.0 3 120
V
G8V-2H35 2.2 8No.5 1.5 2 35
G8V-4H145 2.2 8No.5 1.5 4 145
GFRP and steel cages were assembled for the different column configurations, as shown 
in Figure 4-2. Each coil of GFRP or steel spiral reinforcement consisted o f one complete 
helical spiral without any lapped splices. For all specimens, the spiral pitch was reduced
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to 50 mm outside the test region at both ends o f the columns (250 mm in length) to avoid 
premature failure.
Figure 4-2: Overview o f  the o f  the assembled GFRP cages
The concrete cover was kept constant at 25 mm to the face of the spirals. The circular 
columns were prepared for vertical casting in very stiff Sonotubes. Wooden formworks 
were used to hold the Sonotubes plumb. Then, the steel and GFRP cages were inserted 
into the formwork inside the Sonotubes. All columns were cast vertically to simulate 
typical construction practices with columns. The concrete was provided by a local ready- 
mix concrete company. The concrete was discharged into the column forms directly from 
ready-mix concrete truck in approximately 3 lifts; an electric internal vibrator was used to 
consolidate the concrete and to remove air bubbles. Figure 4-3 illustrates the fabrication 
process of the column specimens before and after casting.
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Figure 4-3: Fabrication and preparation o f  the column specimens: (a) wooden formwork 
and Sonotubes; (b) steel and GFRP cages inside the formwork; and (c) column
specimens
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4.6.3 Instrumentation and Test Setup
Internal and external instrumentation was used in this study to capture the local strain 
distributions of the column specimens. Before casting, three o f the longitudinal steel or 
GFRP bars were instrumented with electrical strain gauges at mid-length. The spiral 
reinforcement was also instrumented with four strain gauges in the test region. These 
strain gauges were 90° apart along the spiral perimeter. Four linear variable differential 
transducers (LVDTs) were located in the test region to measure the axial deformations of 
each specimen. There were mounted on threaded rods that were installed before the 
concrete was placed. LVDTs were placed vertically at 90° apart along the hoop direction 
over a gauge length of 400 mm. Prior to testing; all the specimens were capped on both 
ends with a thin layer of high-strength cement grout for leveling and to ensure uniform 
distribution o f the applied load across the cross section.
Steel collars measuring 250 mm in width and 12.7 mm in thickness were externally 
confined at the end regions to further prevent premature failure there. The column 
specimens were tested under pure axial compression load using an 11,400 kN MTS 
testing machine. The test started with load control (2.5 kN/s) up to a load level equal to 
2100 kN. Then, the test was continued using displacement control (0.002 mm/s), until the 
resistance o f the given specimen dropped to 35% o f the peak load or until the axial 
displacement reached a value o f 30 mm. The internal load cell of the MTS testing 
machine was used to measure the axial load and machine head displacement that were 
applied to the column specimens.
During the test, load, axial displacement, and reinforcement strains were recorded with an 
automatic data-acquisition system connected to the computer. Figure 4-4 shows the 
typical test setup, and data-acquisition system for the concentrically loaded columns.
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Figure 4-4: a) MTS loading machine and b) LVD T’s and steel collars
4.7 Experimental Results and Discussion
4.7.1 General Behavior and Failure M odes
Table 4-3 summarizes the experimental results of the tested specimens in terms o f peak 
load (P^  ), corresponding concrete strain (£ .) , and the corresponding measured average
axial strain in the longitudinal and spiral reinforcements ( s ^  and s ^  ), respectively.
Different modes o f failure were observed for the plain, GFRP, and steel RC tested 
columns in this study. Figure 4-5 shows the typical cracking appearance in the test region 
of GFRP RC specimens at different loading stages, while Figure 4-6 depicts the cracking 
appearance of all the specimens after failure. The plain-concrete column failed suddenly 
after reaching its peak load level (2,468 kN), at a strain equal to 1,672 pe. These values 
are significantly less than what were observed for the GFRP and steel RC columns, (see 
Table 4-3). Moreover, this specimen’s tested concrete strength (36 MPa) was 84% of the 
concentric strength measured on standard cylinders. This value is close to the commonly 
used ratio o f 0.85 for assessing the theoretical concrete-section capacity. The difference is
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usually attributed to the size effect, shape, and concrete casting practice between columns 
and concrete cylinders (Lyse and Kreidler 1932, ACI 318-11).
Table 4-3: GFRP specimens test results
Specimen
ID
P max
(kN) pe
£ bar
p e
r
stirrup
pe
f  +J  cc
MPa
fe e
fe e
Pbar
(kN)
P bar P  —PA max x bar
DuctilityT^ max
%
f J A
%
P 2468 1672 — — — — — — —
S6V-3H40 3177 2543 2300 458 75.3* 2.11 504 15 89.2 6.56
S6V-3H80 3141 2195 2095 282 60.2 1.69 504 15 88.0 1.90
G8V-3H80 2920 2119 2120 268 61.8 1.74 215 7 90.3 2.00
G4V-3H80 2826 2471 2517 938 49.8 1.40 128 6 90.1 1.13
G12V-3H80 2998 2092 1885 131 64.9 1.82 287 10 90.5 2.45
G8V-2H80 2857 1746 1338 383 49.2 1.38 136 5 90.8 1.63
G8V-4H80 3019 2141 2376 44 64.4 1.81 241 8 92.7 2.53
G8V-3H40 2964 2740 2484 589 68.9 1.93 252 9 90.5 4.75
G8V-3H120 2804 2358 1964 175 48.2 1.35 199 7 87.0 1.54
G8V-2H35 2951 2159 2228 101 62.5 1.76 226 8 91.0 2.85
G8V-4H145 2865 2311 2160 120 46.0 1.29 219 8 88.3 1.19
* fee  = L ,  ~ Phar / Acc; ‘calculated at second peak; * E f Af .
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Figure 4-5: Cracking appearance o f  test specimens at different loading stages (G8V- 
__________________________________ 3H40)_______________________________
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Figure 4-6: Overview o f  the test specimens after failure: a) all GFRP-RC specimens, and
b) control specimens
The failure of the plain specimen was characterized by the formation of an inclined 
failure plane throughout the specimen’s height, (see Figure 4-6). Continued applied axial 
displacement caused relative movement o f the two column parts along this plane. This 
was attributed to the absence of longitudinal reinforcement that could act as dowels to 
resist concrete sliding along the failure plane.
91
Chapter 4 — Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
The GFRP and steel RC columns showed similar initial behavior. The behavior o f these 
columns was comparatively ductile and more complex than the plain column specimen. 
During testing, limited vertical hairline cracks started to appear at approximately 85% to 
95% of their peak loads (see Figure 4-5.a). Prior to that, the concrete cover was visually 
free o f cracks. The vertical cracks gradually increased and widened as the column load 
increased up to the peak point. The maximum axial load, , sustained by each GFRP 
RC specimen varied between 2,804 and 3,019 kN. The higher loads correspond to 
specimens that were well confined. The average maximum axial load o f the two steel RC 
specimens was 3,159 kN, which is 8.0% higher than that o f the GFRP RC specimens. At 
this load level, the average axial strain in the GFRP bars in the GFRP RC specimens 
varied between 1,338 and 2,517 p£ (see Figure 4-7), with an average value equal to 2,119 
pe, which is generally lower than 15% of the ultimate tensile strain (15,960 \ie). The 
corresponding average strain for the axial bars in the steel RC specimens was 2,198 p£, 
which is close to the yield strain, and contributed approximately 15% of the ultimate 
column capacity.
At peak load, the measured average spiral strains obtained for the GFRP and steel 
specimens were 305 and 370 pe (see Figure 4-8), respectively, which is less than 2.0% 
and 20% of the ultimate strain o f the GFRP and steel yield strain, respectively. At this 
stage of loading, the confinement o f the spiral stirrups had not yet been activated. The 
ascending branches of load—strain relationships were almost linear up to the beginning of 
cover spalling. The GFRP RC columns reached peak load at a strain level ranging from 
1,746 to 2,740 pe, depending on the test parameters, with an average value equal to 2,237 
pe, which is close to the measured unconfined concrete strain (2,300 pe). Although the 
columns were checked for concentric loading, crack formation was not uniform on all 
sides. Therefore, the initial spalling often occurred on one side, resulting in a small 
eccentricity o f load. The cracks soon propagated to the other sides. After that, the 
columns lost 10% to 20% of their maximum capacities due to the sudden spalling o f the 
concrete cover, where the average measured axial concrete strains ranging from 2,600 to 
4,000 p£.
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Figure 4-7: Loads versus longitudinal-bar strain curves
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Figure 4-8: Load versus transverse-spiral strain curves
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The cover spalling was marked by the separation of large pieces of concrete. Once the 
cover spalled, significant micro-cracking in the core caused the core to dilate, activating 
the passive confining pressure o f the spiral reinforcement. At this point, the confining 
restraint provided by the spiral was activated and the column was again able to carry 
increased load, and the concrete core reached its maximum stress. At this stress level, the 
strain in the spiral reinforcement continued to increase progressively and reached a 
significant value o f more than 80% o f its of ultimate tensile strain (see Figure 4-8). As a 
result, the concrete crushed or the GFRP spiral ruptured after buckling o f the longitudinal 
bars (see Figure 4-9).
The test observations indicated that failure in the GFRP RC columns with large spiral 
spacing (120 and 145 mm) or with small volumetric ratio (0.7%) were controlled by 
longitudinal bar buckling because o f the light confinement provided by the GFRP spiral. 
Conversely, the failure of the well-confined GFRP RC columns with small to moderate 
spiral spacing (40 to 80 mm) were attributed to the crushing o f the concrete core and 
rupture o f spirals. These specimens evidenced higher post-peak axial deformation, 
because longitudinal-bar buckling was restrained by the high confinement provided by 
the GFRP spirals.
It is interesting to note that, from all the tested specimens, the two well-confined RC 
columns (G8V-3H40 and S6V-3H40) exhibited a second peak load. Figure 4-7  shows 
two peaks: the first at the time of spalling; the second occurred after the cover had spalled 
and the confinement provided by the spiral reinforcement had been fully activated. This 
observation indicates that the GFRP spiral stirrups were activated to confine the concrete 
core after cover spalling.
At the end of this stage, the columns sequentially exhibited the development o f yielding 
of the longitudinal steel; yielding of the spiral steel; sudden and explosive fracture of 
GFRP or steel spirals; rupture and buckling o f the longitudinal GFRP bars; buckling of 
the longitudinal steel bars; and, finally, crushing o f concrete core. The spiral rupture was 
comparatively more sudden and explosive in the columns reinforced with GFRP bars
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than the specimens reinforced with steel bars. Moreover, the rupture o f the GFRP spiral 
stirrups occurred at intersections with longitudinal bars. In addition, once the test was 
stopped, the formation of a single inclined failure plane due to shear sliding o f the top 
and bottom parts was observed in the crushed zone of the tested columns. The diagonal 
failure plane was defined by the intersection of buckled longitudinal bars and fractured 
spiral stirrups in this zone. Figure 4-9 shows the close-up rupture o f GFRP and steel 
stirrups, and the buckling and rupture o f longitudinal bars in the failed zone. Moreover, 
the diagonal failure plane is indicated by the dashed red line in Figure 4-9.
Figure 4-9:Close-up view o f  the test region; (a) rupture o f  GFRP stirrups, (b) buckling 
and rupture o f  longitudinal GFRP bars, and (c) buckling o f  longitudinal steel bars and
rupture o f  spiral stirrups
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A.I.2 Effect o f Test Variables on the Behavior o f  G FRP RC  
Columns
In order to study the effect of each variable on the behavior o f the GFRP RC columns, the 
load-strain response curves o f the test specimens were compared in this section for each 
o f the variables: (1) reinforcement type; (2) longitudinal GFRP reinforcement ratio; (3) 
GFRP spiral spacing; (4) GFRP spiral diameter; and (5) GFRP spiral size / spacing 
configuration. Axial strains o f all columns were measured with linear variable differential 
transducers (LVDTs) and recorded with a data-acquisition system.
All columns initially behaved similarly and exhibited linear load-strain behavior in the 
ascending part up to 85% of their peak loads. The peak load and corresponding axial 
strain varied somewhat, depending on the effect o f the test parameters on the confinement 
efficiency of the concrete core. Table 4-3 shows the strength enhancement of concrete
core due to confinement, which is indicated by the ratiof cc / / co , where f cc is the 
confined concrete strength and f co is the in-place compressive strength o f the 
unconfined concrete in the column (0 .8 5 j f ). Figure 4-10 shows the stress—strain curve 
that was used to obtain ( f cc ) where the lower curve is the total load divided by the total
concrete area, and the upper curve is the total load divided by the confined concrete area 
delineated by the centerline of the outer hoop. The actual response o f the concrete 
column, represented by the bold curve (Path 0-A-B-C), was expected to be a combination 
of the two calculated curves.
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Behavior of confined concrete
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Figure 4-10: Stress-strain curve o f  unconfined and confined concrete (G12 V-3H80)
The ductility of the concrete is indicated in the same table by the ratio £ci5l s c\ > where 
£ci5 is the axial strain defined at an axial load corresponding to 85% o f in the 
descending part of the load-strain curve (see Figure 4-11) and ecl is defined as a strain at 
corresponding to the limit o f elastic behavior on the ascending part (Pessiki and 
Pieroni 1997).
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Figure 4-11: Ductility o f  the GFRP RC columns based on strain measurements
4.7.2.1 Reinforcement Type
The two GFRP RC columns (G8V-3H40 and G8V-3H80) were designed to have 8 
longitudinal No. 15.9 GFRP bars based on the equivalent strength ( f yA n = 0 3 5 f fitAF ) of
6 longitudinal 15M steel bars used in the two counterpart specimens (S6V-3H40 and 
S6V-3H80), where A st and A F are the area o f steel and GFRP longitudinal
reinforcement, respectively, and f fu and f  y are the ultimate GFRP tensile strength and
steel yield strength, respectively. A reduction factor o f 0.35 was chosen to account for the 
reduction in the compressive strength o f the GFRP bars (Tobbi et al. 2012; Kobayashi 
and Fujisaki 1995). The two GFRP RC specimens (G8V-3F140 and G8V-3H80) with 40 
and 80 mm spiral spacing exhibited the same axial load-strain behavior as the steel RC 
counterparts (S6V-3H40 and S6V-3H80) (see Figure 4-12).
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Figure 4-12: Effect o f  reinforcement type on the load-strain curves o f  the tested
specimens
Using GFRP and steel reinforcement increased the peak loads to 1.20 and 1.27 times that 
of the plain specimen, respectively. Table 4-3 indicates that the confinement efficiency 
provided by using GFRP longitudinal bars and spiral stirrups in the GFRP RC specimens,
as measured by the strength enhancement of the concrete core ( f cc/  f co) at the 
maximum stress, were similar for the steel RC counterparts. The f ccj  f co ratios in
correspondence with the maximum stress for the GFRP and steel RC specimens ranged 
from 1.7 to 2.1. The higher ratios were observed for the well-confined specimens with 
high volumetric ratio (pitch o f 40 mm).
The axial capacities of the GFRP RC columns (G8V-3H40 and G8V-3H80) were not 
significantly affected (on average, 7.0% less) compared to their steel RC counterparts. 
The GFRP column (G8V-3H80), however, exhibited ductile behavior, showing a lower 
rate o f strength decay after peak than in the case o f its steel counterpart (S6V-3H80). 
Moreover, this was confirmed by the higher ductility index obtained for the GFRP 
column (2.00) compared to its steel counterpart (1.90). The average load carried by the
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longitudinal GFRP reinforcement ranged from 5% to 10% of the peak load (-Pma*), 
whereas the average load carried by the longitudinal steel reinforcement was 
approximately 16% of the peak load. This indicates that the GFRP bars carried less stress 
than the steel ones because o f the lower modulus o f elasticity and the concrete carried 
more stress than in the steel counterpart due to its reserve capacity. This result is 
consistent and in good agreement with the research work and experimental test results 
conducted on square GFRP RC columns (Tobbi et al. 2012; De Luca et al. 2010).
4.7.2.2 Longitudinal GFRP Reinforcement Ratio
Figure 4-13 shows the load-strain behavior o f the three GFRP RC columns (G4V-3H80, 
G8V-3H80, and G12V-3H80) that were designed with three longitudinal reinforcement 
ratios (1.1, 2.2, and 3.2%, respectively). The specimens with a low reinforcement ratio 
(1.1%) failed in a brittle and explosive manner compared to the ductile behavior o f the 
specimens with higher reinforcement ratios (2.2% and 3.2%). Specimens G4V-3H80, 
G8V-3F180, and G12V-3H80 lost 25%, 15%, and 10% of their maximum capacity after 
reaching the peak load due to the sudden spalling o f the concrete cover. This behavior 
significantly affected the ductility and confinement efficiency of the tested specimens. 
Increasing the reinforcement ratio enhanced the ductility and confinement efficacy, with
the ductility ranging from 1.13 to 2.45 and the f ccj  f co ratio from 1.40 to 1.82. The 
higher ratios were obtained for specimens with higher reinforcement ratios. Moreover, 
increasing the longitudinal reinforcement ratio from 1.1% to 3.2% reduced the strain at
peak load (£c) by 15%, the corresponding longitudinal reinforcement strain i £bar) by 
25%, and the transverse reinforcement strain at peak load ( £3lirmp ) by 86%.
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Figure 4-13: Effect o f  longitudinal reinforcement ratio on the load-strain curves o f  the
tested specimens
On the other hand, Table 4-3 shows an enhancement in column capacity o f 6% when the 
longitudinal reinforcement ratio was increased from 1.1% to 3.2%. Therefore, based on 
the results, it can be concluded that the longitudinal GFRP reinforcement ratio 
significantly affects the ductility and confinement efficacy o f the concrete core but only 
slightly affects the strength o f GFRP RC columns.
4.7.2.3 GFRP Spiral Spacing
The importance of the amount o f spiral confining reinforcement or volumetric ratio as a 
function of spiral spacing on the behavior o f confined concrete is generally 
acknowledged. An increase in the volumetric ratio or closer spiral spacing may directly 
translate into a proportional increase in lateral confining pressure with an enhancement in 
confinement efficacy (Sharma et al. 2005; Cusson and Paultre 1994; Sheikh and Toklcuc 
1993). Moreover, the spacing of spiral reinforcement is an important parameter affecting 
the stability of longitudinal bars against local buckling at maximum stress. This behavior 
is demonstrated in the load-strain curves of the three GFRP RC columns (G8V-3H40,
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G8V-3H80, and G8V-3H120), which were designed with three different spacing of 40, 
80, and 120 mm, respectively (see Figure 4-14). The volumetric ratio was increased while 
decreasing spiral spacing while using the same GFRP spiral diameter (No. 9.5).
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Figure 4-14: Effect o f  GFRP spiral spacing on the load-strain curves o f  the tested
specimens
Furthermore, Table 4-3 shows the increase in the spiral strain at the peak load from 175 
to 589 pe with increasing volumetric ratio, indicating the enhancement in lateral pressure. 
As expected, the specimens with the higher volumetric ratios or closer GFRP spiral 
spacing (40 and 80 mm) showed ductile behavior. The specimen with the largest spacing 
(120 mm) showed brittle behavior, presenting a faster rate of strength decay after the 
peak. In addition, the spiral spacing controlled the buckling of the longitudinal bars. The 
test results indicated that, among all the tested GFRP RC specimens in this study, the 
well-confined specimens (40 mm spiral spacing) reached a second peak load after full 
cover spalling. An increase o f 6% in column capacity, 208% in the ductility, 27% bar-
strength contribution, and 43% in the confinement efficiency ( f cc/ f co ) was obtained as
the volumetric ratio of spirals increased from 1.0% to 3.0%.
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Figure 4-15 shows the effect of spiral spacing on the peak and post-peak cracking 
behavior of tested specimens in terms of axial strain versus lateral strain. The initial slope 
of all the curves indicated the perfectly elastic condition. At the strain equivalent to the 
unconfined concrete strain, the curves deviate from this line with vertical slope, and reach 
their maximum as the load approaches its peak value. This point corresponds to the onset 
of uncontrolled crack growth leading to failure. In case of the GFRP RC column with the 
larger spiral spacing (specimen G8V-3H120), the post-peak branch was limited in extent 
and rapidly extended vertically into failure. In the case o f the GFRP RC columns with 
closer spiral spacing (specimens G8V-3H40 and G8V-3H80), the post-peak branch 
showed larger development and more stable crack progression. This can be attributed to 
the fact that the close spiral spacing constrained the cracked concrete core laterally and 
delayed unstable crack propagation.
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Figure 4-15: Experimentally recorded lateral GFRP spiral strain versus axial-strain
relationships
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4.7.2.4 GFRP Spiral Size
Figure 4-16 shows the load-strain behavior o f the three GFRP RC columns (G8V-2H80, 
G8V-3H80, and G8V-4H80) that were prepared with three different spiral diameters (No. 
6.4 mm, No. 9.5 mm, and No. 12.7 mm, respectively) at constant spacing (80 mm). The 
corresponding volumetric ratios o f GFRP spirals were 0.7, 1.5, and 2.7%, respectively. 
The test results indicated that the GFRP RC column failed in a brittle and explosive 
manner when confined with less than 1.5% volumetric ratio o f GFRP spiral 
reinforcement. Figure 4-16 indicated that specimen with small spiral diameter (No. 6.4 
mm) and 0.7% volumetric ratio showed brittle behavior, presenting a faster rate of 
strength decay after the peak.
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Figure 4-16: Effect o f  stirrup diameter on the load-strain curves o f  the tested specimens
In general, both the strength and ductility o f confined core concrete increased with 
increasing volumetric ratio, whereas the ductility ranged from 1.63 to 2.53 and the 
f e d  f c o  rat‘°  ranged from 1.38 to 1.81. The higher ratios were obtained with specimens 
with higher volumetric ratio. This clearly indicates that when the concrete cover has 
completely spalled off, the maximum axial strength o f the confined section can be
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significantly improved by lateral confinement. On the other hand, an increase o f 5.7% in 
the maximum axial load and 77% in contribution o f longitudinal GFRP bars in the axial 
capacity were observed for GFRP RC columns as the volumetric ratio increased from 
0.7% to 2.7%. The significant improvement in the contribution of longitudinal GFRP 
bars was attributed to the fact that the GFRP spirals at the higher volumetric ratio (2.7%) 
and larger diameter (No. 12.7) controlled the buckling o f the longitudinal bars at the 
maximum stress level. In conclusion, the amount o f GFRP spiral reinforcement had a 
much greater effect on confinement efficiency and ductility than on strength capacity.
4.7.2.5 GFRP Spiral Size/Spacing Configuration
In order to study the influence of the size and spacing o f GFRP spirals on the behavior of 
GFRP RC columns, three specimens were prepared using three different spiral diameters 
(No. 6.4 mm, No. 9.5 mm, and No. 12.7 mm) and three different spacing (35, 80, and 145 
mm), respectively. The size and spacing o f the GFRP spiral were chosen to maintain a 
constant volumetric ratio (1.5%) for the three GFRP RC specimens (G8V-2H35, G8V- 
3H80, and G8V-4H145). Figure 4-17  shows the load-strain behavior o f these three GFRP 
RC columns. In general, the test results indicated that the GFRP RC columns with closer 
spacing behaved much better than those with larger spiral spacing.
The GFRP RC column with larger spacing (145 mm) and diameter 12.7 mm failed in a 
brittle and explosive manner immediately upon reaching peak strength. The specimen lost 
37% of its maximum capacities after reaching the peak load due to the sudden spalling o f 
the concrete cover. The GFRP specimens with closer spacing and smaller diameters 
(G8V-2H35 and G8V-3H80) showed ductile behavior in the post-peak stage, causing the 
column to fail in a more gradual manner than the larger GFRP spirals set at larger spacing 
(G8V-4H145).
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Figure 4-17: Effect o f  transverse size/spacing configuration on the load-strain curves o f
the tested specimens
It was also found that the smaller spirals at closer spacing offered sufficient restraint 
against buckling of the longitudinal GFRP bars up to the concrete’s compression failure, 
with negligible influence on peak load. In contrast, a 68% increase in ductility, 35%
increase in the strength o f the concrete core as measured by f cc/  f co ratio, and 2% 
increase in the maximum load ( )  were observed for columns reinforced with No. 9.5 
mm GFRP spirals with spaced at 80 mm as compared to instead No. 12.7 mm spirals 
spaced at 145 mm. Similarly, a 140% increase in ductility, 36% increase in the strength 
o f the concrete core, and 3% increase in the maximum load (P ,max) were observed for 
columns reinforced with No. 6.4 mm GFRP spirals spaced at 35 mm in comparison to 
No. 12.7 mm spirals spaced at 145 mm. In conclusion, the ductility and confinement 
efficiency o f the concrete core can be improved by using smaller diameter GFRP spirals 
with closer spacing than by using larger diameter spirals with larger spacing.
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4.8 Ultimate Capacity and Design Equations
The North American codes use the following rational equation to represent the nominal 
axial load capacity (Pa ) o f conventional reinforced-concrete (RC) columns under 
concentric loading:
Where A g is the gross sectional area o f concrete. Equation 4-1 adds the ultimate and
yielding strengths o f the concrete and steel strengths, respectively, to estimate the 
theoretical nominal strength or yield point o f short loaded RC columns under pure axial 
load. It was possible to express the column capacity in this simple form because both the 
concrete and steel reached their plastic states at approximately the same strain level
(Ozbakkaloglu and Saatcioglu 2004). The parameter k c is defined as the ratio between
the in-place strength of concrete to concrete cylinder strength, / f f ) . The difference is
usually attributed to the size effect, shape, and concrete casting practice between columns 
and concrete cylinders. In 1930, an extensive experimental program was conducted on 
reinforced concrete columns, which resulted in a value of 0.85 being suggested for kc
(Lyse and Kreidler 1932). Since then, the 0.85 reduction factor has been considered in 
AC1 318-11 for estimating the nominal capacity of steel RC columns:
Table 4-3 presents the test results o f the load carried by the concrete (computed as the 
difference between the peak load and the load carried by the reinforcement) and 
normalized with respect to the net area o f concrete multiplied by the average concrete 
compressive strength -P w , ) /  {fc-Ac ) .  Table 4-3 indicates that the average concrete 
compressive stress at peak in all the GFRP RC columns was close to 0.85 f'c , which is the 
value defined in ACI 318-11. Moreover, the measured strain in the GFRP bars indicated
P0 = k ef e(A g - A m) + f yAx Equation 4-1
Pa =0 .85 f c\ A g - A m) + f yA m Equation 4-2
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that its contributions to ultimate column capacity varied from 5% to 10% depending on 
the test parameters, considering its compressive modulus equal to the tensile modulus, the 
number of bars, and its nominal cross-sectional area (199 mm2).
Nowadays, CSA S806-12 permits the use o f FRP bars as longitudinal reinforcement in 
columns subjected to axial load only, ignoring the contribution of FRP bars in the 
ultimate capacity of the columns, as shown in Equation 4-3. Our study used two other 
equations (Equations 4-4 and 4-5) to predict the nominal axial capacity o f the GFRP RC 
columns. Equation 4-4 presents the ACI 318-11 design equation, ignoring the
contribution of the GFRP bars and using the 0.85 reduction factor. Equation 4 was 
introduced to account for the contribution o f GFRP bars using the reduction factor ( a g ):
Pa = a xf X A g ~ A f ) Equation 4-3
/ >o = 0 .8 5 /c (Ag - A F) Equation 4-4
Pa =0.85 f c (Ag - A F) + a gf fi4AF Equation 4-5
Where ocx = 0 .85  —0.0015_£,'> 0 .67 . A new factor ( a g ) was introduced to account for
the reduction in the compressive strength of the GFRP bar as function o f its tensile 
strength. This factor was assumed to be equal to 0.35 based on the data in the literature 
(Tobbi et al. 2012; Kobayashi and Fujisaki 1995). Figure 4-18 presents the ratios of 
experimental maximum load to the predicted nominal capacity (P m^  /  P„) o f the GFRP 
RC specimens. It was found that the ratios of the experimental maximum load to 
predicted values (-P ,^  / Pa) using Equation 4-4 ranged from 0.98 to 1.08. These values 
indicate that this equation provided accurate and conservative predictions o f the nominal 
capacity of the GFRP RC columns. Ignoring the contribution o f the FRP longitudinal bars 
in Equations 4-3 and 4-4 underestimated the maximum capacity on average by 35% and 
25 %, respectively.
109
Chapter 4 — Axial Capacity o f  Circular Concrete Columns Reinforced with GFRP
1.50
1.25
e
Oh
1.00
Oh
0.75
0.50
Figure 4-18: Experimental loads to predicted values fo r  the GFRP RC columns
4.9 Conclusions
This study is part of an ongoing research program at the University o f Sherbrooke that 
aims to investigate the structural performance o f FRP RC columns. This paper presented 
tests that were performed to investigate the compression behavior o f circular concrete 
columns reinforced longitudinally with GFRP bars and transversely with newly 
developed GFRP spiral stirrups. A total o f 12 full-scale RC columns were prepared to 
study five test variables: reinforcement type (GFRP versus steel); longitudinal FRP 
reinforcement ratio; and different volumetric ratios, diameters, and spacing of spiral 
reinforcement. Based on the experimental test results and analysis presented in this paper, 
the following conclusions can be drawn.
A Equation 4-3 (CAN/CSA S806-12) 
•  Equation 4-4 
■ Equation 4-5
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1. The GFRP and steel RC columns behaved in a similar manner and exhibited linear 
load-strain behavior in the ascending part up to 85% o f their peak loads. The axial 
capacities of the GFRP RC columns were on average 7.0% lower than their steel RC 
counterparts.
2. The test observations indicated that failure o f the GFRP RC columns with large spiral 
spacing or with small volumetric ratio (0.7%) was controlled by longitudinal bar 
buckling. Conversely, failure of the well-confined GFRP RC columns was attributed 
to the crushing o f the concrete core and rupture o f the GFRP spirals.
3. The amount and distribution o f longitudinal GFRP reinforcement significantly 
affected column ductility, with a slight strength gain. The average load carried by the 
longitudinal GFRP bars in the GFRP RC columns ranged between 5% and 10% of the 
maximum load.
4. GFRP spiral spacing had a much greater impact on confinement efficiency and 
ductility than on strength capacity. Smaller spirals with closer spacing offered 
sufficient restraint against buckling o f the longitudinal GFRP bars.
5. The ductility and confinement efficiency o f the concrete core can be improved by 
using smaller GFRP spirals with closer spacing than by using larger diameter spirals 
with larger spacing. The GFRP specimens with closer spacing and smaller diameters 
showed ductile behavior in the post-peak stage, causing the column to fail in a more 
gradual manner than those with larger GFRP spirals at larger spacing. The GFRP RC 
columns failed in a brittle and explosive manner when confined with less than a 1.5% 
volumetric ratio, or with spiral spacing over 80 mm even at volumetric ratios higher 
than 1.5%.
6. Using a 0.35 reduction factor to account for the reduction in the compressive strength 
of the GFRP bars as a function o f their tensile strength provided accurate and 
conservative predictions o f the nominal capacity of the tested GFRP RC columns. 
Ignoring the contribution o f the GFRP bars in the CAN/SCA S806-12 design equation 
underestimated the maximum capacity o f the tested specimens on average by 35%. 
More experimental evidence and future work are needed, however, to more accurately 
define the compressive properties o f GFRP bars.__________________________________
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5.1.2 French titre:
Resistance et comportement axial des colonnes circulaires en beton renforcees de barres 
en PRFC et de spirales.
5.1.3 Contribution in thesis:
In this chapter, the behavior of the circular columns reinforced with CFRP bars and 
spirals is investigated. The test results and analysis discussion of each parameter is 
represented in this chapter.
5.1.4 French abstract:
Pendant ce temps, le comportement des elements en beton arme renforces de barres en 
polymeres a base de fibres (PRF) a fait l’objet de nombreuses etudes au cours des 
dernieres annees, Toutefois, des travaux de recherche limites ont ete menes pour 
examiner le comportement axial de colonnes en beton arme de barres en PRF. Dans cet 
article, le comportement et la resistance a la compression de onze colonnes circulaires en 
beton a grande echelle renforcees de barres en PRFC et des spirales ont ete etudies. Les 
variables d’essais sont le type d’armature (PRFC vs acier); le pourcentage d’armature 
longitudinale en PRFC, le pourcentage volumetrique, le diametre et l’espacement des 
spirales en PRFC. Les resultats des essais ont montre que les colonnes en PRFC en acier 
se sont comportees d'une maniere similaire a leurs charges ultimes. Les barres en PRFC 
ont ete efficaces dans la resistance a la compression qu'apres l’ecrasement du beton, et 
ont contribue en moyenne de 12 % de la capacite de la colonne. L'equation de design est 
modifiee pour prevoir avec precision les capacites de charge ultimes des colonnes en 
PRFC. Un nouveau facteur (a c) est introduit dans l'equation modifiee pour tenir compte
des proprietes de resistance en compression des barres en PRFC en fonction de leur 
resistance a la traction.
Mots-cles: beton, colonne circulaire; charge axiale ; confinement ; ductilite ; barres en 
PRFC ; etriers en spirales en PRFC.
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5.2 Abstract
Meanwhile, the behavior o f concrete members reinforced with fiber-reinforced-polymer 
(FRP) bars has been the focus of many studies in recent years. However, limited research 
works have been conducted to examine the axial behavior of concrete columns reinforced 
with FRP bars. In this paper, the behavior and compression strength o f eleven full-scale 
circular concrete columns reinforced with carbon-FRP (CFRP) bars and spirals were 
investigated. The test variables included reinforcement type (CFRP versus steel); 
longitudinal CFRP reinforcement ratio; and the volumetric ratio, size, and spacing of 
CFRP spiral. The test results indicated that the CFRP and steel RC columns behaved in a 
similar manner up to their peak loads. The CFRP bars were effective in resisting 
compression until after crushing of concrete, and contributed on average 12% of column 
capacity. The design equation is modified to accurately predict the ultimate load 
capacities of CFRP RC columns. New factor (a c) is introduced in the modified equation
to account for the CFRP bars compressive strength properties as a function in their 
ultimate tensile strength.
Keywords: Concrete; Circular column; Axial load; Confinement; Ductility; CFRP bars; 
CFRP spiral stirrups.
5.3 Introduction and Background
Reinforced-concrete (RC) columns with circular cross-section are often used in civil 
engineering structures, for instance as piers and piles in bridge substructures. Also, their 
applications are frequently utilized as a fender and piling system for harsh waterfront and 
marine environments. Such columns are usually reinforced with conventional steel bars 
and stirrups. Corrosion of steel reinforcement constitutes one o f the major problems that 
shorten the lifetime serviceability and hence brittle failure o f many concrete structures in 
worldwide.
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Nowadays, fiber-reinforced-polymer (FRP) materials have emerged as an alternative 
material for producing reinforcing bars for concrete structures (ACI 440.1R-06). FRP 
bars offer many advantages over conventional steel bars, including a density o f one- 
quarter to one-fifth that of steel, greater tensile strength than steel, and no corrosion even 
in harsh chemical environments (Rizkalla et al. 2003; El-Salakawy et al. 2003; 
Benmokrane et al. 2006; Benmokrane et al. 2007).
In recent years, the flexural and shear behavior o f FRP-RC members have been 
extensively investigated (ISIS Canada 2009). Nonetheless, the axial compression 
behavior of FRP RC columns has not yet been defined. On the other hand, ACI 440.1R- 
06 does not recommend the use o f FRP bars as longitudinal reinforcement in columns. 
ACI 440.1R-06 highlights that further research is needed in this area. Moreover, 
Canadian codes [CSA S6-06 (S6S1-10) and CSA S806-12] neglect the contribution of the 
compressive resistance of FRP longitudinal reinforcement in the compression zone in 
flexural and compressive concrete members.
A standard test method for FRP bars under compressive axial loading has not yet been 
defined and hence their compression behavior has not fully been established. Testing of 
FRP bars in compression is typically complicated by the occurrence o f fiber micro- 
buckling due to the anisotropic and non-homogeneous nature o f the FRP material (De 
Luca et al. 2010). The mode of failure and their compressive strength depend on the type 
o f fiber and resin, the fiber-volume fraction, and length-to-diameter ratio. Transverse 
tensile failure, fiber microbuckling, or shear failure are the dominant failure mechanisms 
of FRP bars under compression (ACI 440.1R-06). In general, previous research indicates 
that the strength and modulus of FRP bars in compression are lower than that in tension 
(Wu 1990; Chaallal and Benmokrane 1993). Compressive strength of 78% o f the tensile 
strength has been reported for carbon-FRP bars (CFRP), (Mallick 1988; Wu 1990). 
Kobayashi and Fujisaki (1995) tested CFRP bars embedded in concrete prisms. 
Compression forces were applied only in the FRP bars. Test results showed that the 
compressive strengths were 30% to 50% o f their corresponding tensile strengths.
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Previous experimental studies indicated that the compression behavior o f concrete 
columns reinforced with glass-FRP (GFRP) reinforcements has been similar to that with 
steel, but with less contribution of FRP longitudinal bars to strength capacity 
(Paramanantham 1993; Alsayed et al.1999; Deitz et al. 2003; Sharma et al. 2005; Choo et 
al. 2006; De Luca et al. 2010; Lotfy 2010). On the other hand, limited research was 
carried out to investigate the compression behavior o f concrete columns reinforced with 
CFRP reinforcements.
Kobayashi and Fujisaki (1995) tested small-scale square RC columns under pure axial 
load. The specimens were reinforced longitudinally by grid type FRP. The hoops were 
made from Aramid-FRP (AFRP), GFRP or CFRP reinforcements. It was concluded that 
the axial capacity of FRP RC columns could be estimated conservatively by ignoring the 
contribution of FRP bars. In 2003, Sharbatdar tested a serious of concrete columns to 
investigate the contribution of CFRP bars under concentric and eccentric compression 
loads. The test results indicated that the maximum-recorded compressive strain in CFRP 
bars was 0.38%, confirming that the bars were effective in resisting compression under 
concentric loads. Moreover, it was reported that the CFRP RC columns were able to 
develop their moment capacities as governed by crushing of concrete under eccentric 
load. It was also found that the CFRP RC columns developed some limited ductility, 
initiated by the gradual crushing o f concrete.
A recent study reported on by Tobbi et al. (2013) assessed the axial capacity o f square 
RC columns reinforced with CFRP bars and stirrups. The tested columns were 350 x 350 
mm and 1400 mm height. They reported that the columns reinforced with CFRP stirrups 
attained higher confined concrete strength than columns reinforced by GFRP stirrups. In 
conclusion, the aforementioned research works indicated that only a few studies have 
examined the behavior o f concrete columns reinforced with CFRP bars and stirrups. 
Moreover, no experimental research on the axial behavior o f circular concrete columns 
reinforced with CFRP spirals has been reported yet.
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A combined experimental and analytical investigation has been underway at the 
University of Sherbrooke on performance of concrete columns reinforced internally with 
longitudinal and transverse FRP bars. The experimental research includes tests of 48 
large-scale square and circular concrete columns under monotonically increasing 
concentric compression loads. The columns specimens have been reinforced with either 
CFRP or GFRP bars. This paper reports the test results of concentrically tested circular 
concrete columns reinforced internally with CFRP reinforcements (bars and spirals).
5.4 Objectives
This paper reports on a research project in which the existing test data on circular CFRP 
RC columns have been evaluated in terms of strength, ductility, and compression 
behavior of CFRP reinforcements. The specific objectives are outlined below for the 
present investigation.
• To evaluate the compression behavior of full-scale circular concrete columns reinforced 
with longitudinal CFRP bars and CFRP spirals.
• To investigate the effect o f longitudinal and transverse CFRP reinforcement parameters 
on the ultimate capacity, post-peak behavior, and failure mechanisms o f the columns.
• To verify the accuracy o f existing axial-load design equations and then to propose a 
modification for predicting the compression capacity o f such columns.
5.5 Experimental Investigation
In this study, 11 full-scale circular RC columns were prepared and tested under 
monotonically increasing concentric compression. They included 9 RC columns 
reinforced with longitudinal CFRP bars and transverse CFRP spirals. The remaining 2 
columns were prepared as references: one plain and one steel RC column. All tested 
specimens measured 300 mm in diameter and 1500 mm in height. The test parameters
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included reinforcement type (CFRP versus steel); longitudinal CFRP reinforcement ratio; 
and volumetric ratio, size, and spacing of spiral CFRP reinforcement.
5.5.1 M aterial Properties
Sand-coated CFRP bars and newly developed CFRP spirals were used to reinforce the 
CFRP RC column specimens in the longitudinal and transverse directions, respectively 
(see Figure 5-1). The CFRP longitudinal bars and spirals were made o f continuous high- 
strength carbon fibers impregnated in a thermosetting vinyl-ester resin, additives, and 
fillers (Pultrall Inc. 2012). The CFRP reinforcement had a sand-coated surface to enhance 
bond performance between the bars and the surrounding concrete. No. 12.7 mm (#4) 
CFRP bars were used as longitudinal reinforcement for all the CFRP RC columns. No. 
6.4 mm (#2), No. 9.5 mm (#3), and No. 12.7 mm (#4) CFRP spiral reinforcements were 
used as spirals in the transverse direction.
Figure 5-1: CFRP spiral stirrups
The tensile properties o f longitudinal FRP bars were determined by performing B.2 test 
method according to ACI 440.3R (2004) as reported in Table 5-1. Two grade 60 steel-bar 
diameters were used to reinforce the steel RC control specimen. Deformed steel bars 15M 
(nominal diameter of 16 mm) were used as longitudinal reinforcement, while, 10M steel 
bars (nominal diameter of 9.5 mm) served as transverse spiral reinforcement. Table 5-1 
provided the tensile properties of grade 60 steel bars. All column specimens were cast on
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the same day with normal-weight, ready-mixed concrete with an average compressive 
strength of 42.9 MPa. The actual compressive strength was determined based on the 
average test results of ten concrete cylinders (150 x 300 mm) tested on the same day as 
the start o f testing of the column specimens.
Table 5-1: Tensile properties o f  the CFRP and steel bars
B ar
Size
Diameter
(mm)
Area
(mm2)
Elastic Tensile 
M odulus 
(GPa)
Tensile
Strength
(M Pa)
Tensile
S train
(% )
CFRP bars
# 2 6.4 32 127 f f u  = 1518 1.20
# 3 9.5 71 120 f f u  =  1596 1.33
# 4 12.7 129 140 //„  = 1899 1.32
Steel bars
10M 9.5 71 200 f ,  = 460 0.2
15M 16 200 200 f  y  -  460 0.2
5.5.2 Specimen Design
The test specimens were designed to study the influence o f reinforcement type (CFRP 
versus steel); longitudinal CFRP-reinforcement ratio; and volumetric ratio, size, and 
spacing of spiral CFRP reinforcement. Figure 5-2 shows the dimensions and 
reinforcements details o f column specimens. Table 5-2 presents the test matrix and 
details of the column specimens. Each specimen is identified with three codes. The letters 
S and C identify specimens as being reinforced with steel or CFRP bars, respectively.
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The letters V and H refer to vertical and horizontal reinforcement, respectively. The first 
number in the specimen identification code indicates the number of longitudinal steel or 
CFRP bars. The second and third numbers stands for the diameter and spacing of the 
spirals, respectively.
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Figure 5-2: Reinforcement details and dimensions
The specimens were divided into five groups according to test matrix. Group 1 includes 
two control specimens: plain-concrete column (P) without reinforcement and steel RC 
specimen (S6V-3H80). The steel specimen was reinforced longitudinally with 6M15 steel 
bars and transversely with 10M steel spirals with pitches o f 80 mm. These control 
specimens were introduced into the experimental program as references for comparison 
with CFRP RC columns. Group II includes three specimens to study the effect o f CFRP 
longitudinal reinforcement ratio, (C6V-3H80, C10V-3H80 and C14V-3H80). The three 
specimens were reinforced transversally with spiral No. 3 CFRP bar with a constant pitch 
(80 mm). As shown in Table 5-2, three different longitudinal reinforcement 
configurations were treated. Using 6, 10, and 14 No. 4 CFRP bars provided 
reinforcement ratios ( pst) of 1.0, 1.7, and 2.4%, respectively.
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Group III, IV and V specimens served to study the effect o f transverse reinforcement 
parameters on the axial capacity in terms of volumetric ratio, size, and spacing o f spiral 
reinforcement. The specimens in these groups were reinforced longitudinally with 10 No. 
4 CFRP bars. Specimen C10V-3H80 (Group II) served as a reference for the three 
groups. The CFRP spiral reinforcement was designed to reflect the practical limitations 
concerning bar size, minimum volumetric ratio, and minimum and maximum clear 
spacing between spirals. The influence o f spiral diameter (size) was considered in Group 
III by using No. 2, 3, and 4 CFRP spirals with a constant pitch of 80 mm in specimens 
C10V-2H80, C10V-3H80, and C10V-4H80, respectively.
Group IV included three specimens (C10V-3H40, C10V-3H80, and C10V-3H120) to 
study the effect o f spiral spacing with three different spacing o f spiral No. 3 spirals (40, 
80, and 120 mm), respectively. Finally, Group V included three specimens (C10V-2H35, 
C10V-3H80 and C10V-4H145) to study the effect o f spiral size/spacing configuration, 
while maintaining a constant volumetric ratio (p ,=  1.5). Three spiral diameters (No. 2, 3, 
and 4) were used with three different spacing (35, 80, and 145 mm), respectively.
All the CFRP RC columns were designed according to CSA/CAN S806-12 code 
requirements for longitudinal and transverse reinforcement. The steel RC column was 
designed according to ACI 318-11 and CSA/CAN A.23.3-04 code requirements. 
Specimens C10V-3H120 and C10V-4H145, however, were prepared out o f code 
requirements for comparison purposes and to assess the code’s upper and lower limits. 
Specimens C10V-3H120 and C10V-4H145 had pitches 120 mm and 145 mm, 
respectively, which is greater than the maximum spacing limit (six times the diameter of 
the smallest longitudinal bar).
121
Chapter 5 —Strength and Axial Behavior o f  Circular Concrete Columns Reinforced with CFRP
Table 5-2: Test matrix and CFRP specimen details
Group Specimen ID
Longitudinal Reinforcement Transverse Reinforcem ent
P s t % N um ber of bars P s  % Bar No. Pitch (mm)
I
P — — — — —
S6V-3H80 1.7 6M15 1.5 10M 80
II
C6V-3H80 1.0 6 No.4 3.0 3 80
C10V-3H80 1.7 lONo.4 1.5 3 80
C14V-3H80 2.4 14 No.4 1.5 3 80
III
C10V-2H80 1.7 10 No.4 0.7 2 80
C10V-4H80 1.7 10 No.4 2.7 4 80
IV
C10V-3H40 1.7 10 No.4 3.0 3 40
C10V-3H120 1.7 10 No.4 1.0 3 120
V
C10V-2H35 1.7 10 No.4 1.5 2 35
C10V-4H145 1.7 10 No.4 1.5 4 145
CFRP and steel cages were assembled for the different columns configurations as shown 
in Figure 5-3. Each coil of CFRP or steel spiral reinforcement consisted o f one complete 
helical spiral without any lapped splices. For all specimens, the pitch was reduced to 50 
mm outside the test region at both ends o f the columns (250 mm in length) to avoid the 
premature failure.
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Figure 5-3: Overview o f the o f the assembled CFRP cages
The concrete cover was kept constant at 25 mm to the face of the spirals. The circular 
columns were prepared for vertical casting in very stiff Sonotubes. Wooden formworks 
were used to hold the Sonotubes plumb. Then, the steel and CFRP cages were inserted 
into the formwork inside the Sonotubes. All columns were cast vertically to simulate 
typical construction practices with columns. The concrete was provided by a local ready- 
mix concrete company. The concrete was discharged into the column forms directly from 
ready-mix concrete truck in approximately 3 lifts; an electric internal vibrator was used to 
consolidate the concrete and to remove air bubbles. Figure 5-4 illustrates the fabrication 
process of the column specimens.
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(b)
Figure 5-4: Fabrication and preparation o f column specimens: (a) CFRP and steel cages 
inside the formwork and (b) column specimen after casting
5.5.3 Instrum entation and Testing Procedure
Internal and external instrumentation was used in this study to capture the local strain 
distributions of the column specimens. Before casting, three o f the longitudinal steel or 
CFRP bars were instrumented with electrical strain gauges at mid-length. The spiral 
reinforcement was also integrated with four strain gauges in the test region. These strain 
gauges were 90° apart along the spiral perimeter.
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Four linear variable differential transducers (LVDTs) were located in the test region to 
measure the axial deformations o f each specimen. There were mounted on threaded rods 
that were installed before the concrete was placed. LVDTs were placed vertically at 90° 
apart along the hoop direction over a gauge length o f 400 mm. Prior to testing, all the 
specimens capped on both ends with a thin layer o f high-strength cement grout for 
leveling and to ensure uniform distribution o f the applied load across the cross section.
Steel collars measuring 250 mm in width and 12.7 mm in thickness were externally 
confined at the end regions, to further prevent premature failure there. The column 
specimens were tested under concentric axial loading using a 11,400 kN MTS testing 
machine. The test started with load control (2.5 kN/s) up to a load level equal to 2100 kN. 
Then, the test was continued using displacement control (0.002 mm/s), until the 
resistance o f the given specimen dropped to 35% of the peak load or until the axial 
displacement reached a value o f 30 mm. The internal load cell o f the MTS testing 
machine was used to measure the axial load and machine head displacement that were 
applied to the column specimens.
During the test, load, axial displacement, and reinforcement strains were recorded with 
using an automatic data-acquisition system connected to the computer. Figure 5-5 shows 
the typical test setup for the concentrically loaded columns.
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Figure 5-5: MTS loading machine
5 . 6  E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n
5.6.1 General Behavior and Failure M odes
Table 5-3 summarizes the experimental results o f the tested specimens in terms o f peak 
load ( ) ,  corresponding concrete strain ( ec ), and the corresponding measured average
axial strain in the longitudinal and spiral reinforcements ( £b<r and espirai), respectively.
Different modes of failure were observed for the plain, CFRP and steel RC tested 
columns in this study. Figure 5-6 shows the typical cracking appearance in the test region 
of CFRP RC specimens at different loading stages.
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Table 5-3: CFRP specimens test results
Specimen
ID
P* max
(kN) pe
S bcr
p e
s^tirrup
p e
fee
MPa
f'ee
f'eo (kN)
Pbar
Px max 
% %
P
P 2 4 6 8 1 6 7 2 — — — — -------- — — —
S6V-3H80 3 1 4 1 2 1 9 5 2 0 9 5 2 8 2 6 0 .2 1 .6 9 5 0 4 15 8 7 .0 1 .9 0
C6V-3H80 2 9 0 5 1 7 5 5 1 6 4 8 2 7 5 5 3 .3 1 .6 0 5 0 4 16 8 9 .9 1 .7 0
C10V-3H80 3 0 1 3 1 9 2 6 2 0 4 3 181 5 5 .6 1 .4 6 1 8 0 6 8 7 .1 1 .8 2
C14V-3H80 3 1 0 7 1 9 9 5 2 2 6 8 9 3 5 9 .6 1 .5 2 3 7 3 12 8 3 .4 1 .9 5
C10V-2H80 2 9 4 8 1 7 3 1 1 8 5 0 3 1 1 5 1 .1 1 .6 3 5 7 9 19 8 6 .1 1 .5 3
C10V-4H80 3 1 4 7 2 0 9 9 2 5 5 0 2 0 5 5 8 .8 1 .4 0 3 3 8 11 8 8 .4 1 .8 8
C10V-3H40 3 0 7 0 2 2 3 4 2 4 5 8 2 1 2 6 5 .0 1 .61 4 6 5 15 8 6 .5 2 .3 2
C10V-3H120 2 9 8 1 2 0 1 6 1 7 9 6 1 7 5 5 2 .5 1 .7 8 4 4 8 15 8 7 .5 1 .4 8
CI0V-2H35 3 1 4 8 1 8 7 9 2 1 9 5 1 6 3 6 2 .2 1 .4 7 3 2 8 11 9 0 .7 1 .9 4
C10V-4H145 2 9 4 1 2 0 8 4 2 0 3 6 181 5 3 .6 1 .7 1 4 0 0 13 8 4 .8 1 .5 6
Note: , a*, and were measured at Pm  , = £ bar* E f Af  ^ aa = ( P ^  - P ^ M f ’A c ,
p : ductility
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Figure 5-6: Cracking appearance o f  test specimens at different loading stages (C10V-
3H40)
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On the other hand, Figure 5-7 depicts the failure appearance o f all the specimens after 
failure. The plain-concrete column failed suddenly after reaching its peak load level 
(2,468 kN), at a strain equal to 1,672 pe. These values are significantly less than what 
was observed for the CFRP and steel RC columns, (see Table 5-3). Moreover, the 
obtained concrete strength of this specimen (36 MPa) was 84% of the concentric strength 
measured on standard cylinders. This value is close to the commonly used ratio o f 0.85, 
for evaluating the theoretical concrete section capacity.
Figure 5-7: Overview o f  the test steel and CFRP specimens after failure
The failure of the plain specimen was characterized by the formation o f an inclined 
failure plane throughout the specimen’s height, (see Figure 5-8). Continued applied axial 
displacement caused relative movement of the two column parts along this plane. This 
was attributed to the absence of the longitudinal reinforcement that could act as dowels to 
resist concrete sliding along the failure plane.
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Figure 5-8: Close up view in the test region: (a) failure plane o f  the plain specimen; (b) 
rupture o f  CFRP spirals; (c) inclined plane failure and rupture o f  longitudinal CFRP 
bars; and (d) buckling o f  longitudinal steel bars and rupture o f  spirals
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The CFRP and steel RC columns showed similar responses up to their peak loads. The 
peak load and corresponding axial strain varied somewhat, depending on the confinement 
characteristics of the core concrete. The behavior of these columns was comparatively 
ductile and more complex than the plain column specimen. During testing, limited 
vertical hairline cracks were started to appear at approximately 85% to 95% o f their peak 
loads (see Figure 5-6.a). Prior to that, the concrete cover was visually free of cracks. The 
vertical cracks gradually increased and widened as the column load increased up to the 
peak point. The maximum axial l o a d ^ ^  sustained by each CFRP RC specimen varied 
between 2,905 and 3,148 kN. The higher loads correspond to specimens that were well 
confined or with higher longitudinal reinforcement ratio. The peak load of the steel RC 
specimen was 3,141 kN. At this load level, the average axial strain in the CFRP bars in 
the CFRP RC specimens varied between 1,648 and 2,550 pe (see Figure 5-9), with an 
average value equal to 2,095 pe, which is generally close to 15% of the ultimate tensile 
strain (13,200 pe). The corresponding average strain for the axial bars in the steel RC 
specimens was 2,095 pe, which is approximately equal to the yield strain, and contributed 
approximately 15% of the ultimate column capacity.
At peak load, the measured average spiral strains obtained for the CFRP and steel 
specimens were 200 and 282 pe (see Table 5-5), respectively, which is less than 2.0 % 
and 15 % of the ultimate strain o f the CFRP and steel yield strain, respectively. At this 
stage of loading, the confinement o f the spirals had not yet been activated. The ascending 
branches of load-strain relationships were almost linear up to the beginning o f cover 
spalling. The CFRP RC columns reached the peak load at a strain level ranging from 
1,731 to 2,234 ps, depending on the test parameters, with an average value equal to 1,969 
pe which is approximately close to the measured unconfined concrete strain (2,300 pe). 
Although the columns were checked for concentric loading, crack formation was not 
uniform on all sides. Therefore, the initial spalling often occurred on one side, resulting 
in a small eccentricity o f load. The cracks soon propagated to the other sides. After that, 
the columns lost on average 15% to 20% o f their maximum capacities due to the sudden
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spalling of the concrete cover, where the average measured axial concrete strains ranging 
from 2,600 to 3,600 pe.
The cover spalling was marked by the separation of large pieces of concrete. Once the 
cover spalled, significant micro-cracking in the core caused the core to dilate, activating 
the passive confining pressure o f the spiral reinforcement. At this point, the confining 
restraint provided by the spiral was activated and the column was again able to carry 
increased load, and the concrete core reached its maximum stress. At this stress level, the 
strain in the spiral reinforcement continued to increase progressively and reached a 
significant value more than 80% of its o f ultimate tensile strain, so that the concrete 
crushed or the CFRP spiral ruptured, (see Figure 5-#.b).
The test observations indicated that failures in the CFRP RC columns with large spiral 
spacing (120 and 145 mm) or with small volumetric ratio (0.7%), were controlled by 
formation strongly defined shear diagonal failure plane because o f the light confinement 
provided by the CFRP spiral.
Conversely, the failures of well-confined CFRP RC columns with small to moderate 
spiral spacing (40 to 80 mm) were attributed to the crushing o f the concrete core and 
rupture of spirals. These specimens evidenced higher post-peak axial deformation, 
because longitudinal bar buckling was restrained by the high confinement provided by 
the CFRP spirals. At the end o f this stage the columns sequentially exhibited by the 
development of yielding of the longitudinal steel; yielding o f the spiral steel; sudden and 
explosive fracture of CFRP or steel spirals; buckling o f longitudinal steel bars; and, 
finally, crushing o f concrete core.
Figure 5-9 indicated that the CFRP bars developed up to approximately 0.5% and 0.75% 
compressive strain, in specimens with small to moderate spiral spacing, confirming that 
the CFRP bars were effective in resisting compression until after crushing o f concrete.
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Failure o f CFRP bars was observed only after stopping the test. Because CFRP bars do 
not have high bending capacity, it broke before to buckle. The failure o f CFRP bars was 
in the form of breaking the bars into many small pieces in the test region. The failure was 
different from the rupture failure under tension load, which often showed randomly 
fracture carbon. These observations are consistent with the test results obtained on CFRP 
RC columns (Sharbatdar 2003). In addition, once the test was stopped, the formation o f a 
single inclined failure plane due to shear sliding o f the top and bottom parts was observed 
in the crushed zone. These failure planes typically extended from the top 1/3 of the 
column to the middle of the column. Figure 5-8 shows the close-up rupture o f CFRP and 
steel spirals, and the buckling and rupture o f longitudinal bars.
5.6.2 Effect o f  Test Variables on the Behavior o f  CFRP RC  
Columns
In order to study the effect of each variable on the behavior o f the CFRP RC columns, the 
load-strain and stress-strain response curves are compared in Figure 5-10 and 
Figure 5-11. Axial strains of all columns were measured using LVDT and recorded with 
a data-acquisition system. All columns initially behaved similarly and exhibited linear 
load-strain behavior in the ascending part up to 85% o f their peak loads. Table 5-3 shows 
the strength enhancement of the concrete core due to confinement, which is indicated by 
the ratio f cc/  f co , where f cc is the confined concrete strength and f co is the in-place
compressive strength of the unconfined concrete in the column ( 0 .8 5 ^ .).
Figure 5-12 shows the stress-strain curve that was used to obtain ( f cc) where the lower
curve is the total load divided by the total concrete area, and the upper curve is the total 
load divided by the confined concrete area delineated by the centerline o f the outer 
spirals. The actual response of the concrete column, represented by the bold curve (Path 
0-A-B-C), was expected to be a combination o f the two calculated curves, assuming a 
smooth transition to take place from the lower to upper curve.
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Figure 5-12: Stress-strain curve o f  unconfined and confined concrete (C10V-2H35)
The ductility ( p ) of the concrete is indicated in the same table by the ratio £cgs/ £cl , 
where £as is the axial strain defined at an axial load corresponding to 85% o f Pmax in the 
descending part o f the load-strain curve, £cl is defined as a strain at Pmax corresponding to 
the limit of elastic behavior on the ascending part (Pessiki and Pieroni 1997).
5.6.2.1 Reinforcement Type
The CFRP and steel RC columns (C10V-3H80 and S6V-3H80) were designed to have 
the same reinforcement ratio (A a = A F ), using 10 No. 4 longitudinal CFRP bars and 
6M15 longitudinal steel bars. Where, As, and AF are area o f steel and CFRP longitudinal 
reinforcement, respectively. The CFRP RC specimen (C10V-3H80) with 80 mm spiral 
spacing exhibited the same axial load-strain behavior as the steel RC counterpart (S6V- 
3H80), see Figure 5-10.
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Using CFRP and steel reinforcement increased the peak loads to 1.18 and 1.27 times that 
of the plain specimen, respectively. Table 5-3 indicates that the confinement efficiency 
provided by using CFRP longitudinal bars and spirals in the CFRP RC specimen as
measured by the strength enhancement o f the concrete core ( f e e /  f a , )  & t the maximum
stress, were approximately similar to the steel RC counterpart, (1.52 and 1.6 for CFRP 
and steel RC specimens, respectively).
The axial capacity of the CFRP RC column (C10V-3H80) was not significantly affected, 
(on average 5% less) compared to its steel RC counterpart. The CFRP RC column 
developed some limited ductility, initiated by the gradual crushing o f concrete core. 
Though limited in numbers, the comparison o f ductility index indicated that the CFRP 
RC column was able to sustain approximately 96% o f the ductility index observed in the 
steel RC counterpart. Whereas, the steel RC column (S6V-3H80) showed lower rate o f 
strength decay after the peak load than in the case of the counterpart CFRP specimen 
(C10V-3H80). For all the CFRP RC columns with 10 longitudinal CFRP bars, the load 
carried by the longitudinal CFRP reinforcements ranged from 11% to 15% of the peak 
load (Pmax), whereas the average load carried by the vertical steel reinforcement was 
approximately 16% of the peak load.
On the other hand, Figure 5-9 and Figure 5-10 present the load-strain relationships 
recorded by internally reinforcement strain gauges for CFRP and steel bars and externally 
LVDTs for the concrete. The results indicate that the average concrete strain and the 
measured strain on CFRP and steel bars show similar behavior up to peak load resistance, 
and there was no distress in the CFRP bars. The maximum measured compressive strain 
in CFRP bars of specimen (C10V-3H80) was 9,600 pe, confirming that the bars were 
effective in resisting compression load. In conclusion, CFRP reinforcement used as 
column compression reinforcement maintained its integrity and load resistance until after 
surrounding concrete crushed and spalled off beyond the peak stress until after the 
crushing o f concrete.
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5.6.2.2 Longitudinal CFRP Reinforcement Ratio
Figure 5-10 and Figure 5-11 show the load/stress versus axial strain curves for the CFRP 
RC columns (C6V-3H80, C10V-3H80, and C14V-3H80). These specimens were 
designed with three different longitudinal reinforcement ratios (1.0, 1.7, and 2.4%, 
respectively). The specimens with a low reinforcement ratio (1%) failed in a brittle and 
explosive manner compared to the behavior o f specimens with higher reinforcement 
ratios (1.7% and 2.4%). Specimens C6V-3H80, C10V-3H80, and C14V-3H80 lost 27%, 
16%, and 12% of their maximum capacity after reaching the peak load due to the sudden 
spalling of the concrete cover.
The post peak curves o f the lower reinforcement ratio columns are steeper indicating 
faster rate of strength decay. The increasing trend of strength enhancement and ductility 
value from lower to higher reinforcement ratio show that the effectiveness of 
confinement increases as the reinforcement ratio increases, with the ductility ranging 
from 1.7 to 1.95 and the f cc/  f co from 1.46 and 1.63. The higher ratios were obtained for 
specimens with higher reinforcement ratios.
Moreover, increasing the vertical reinforcement ratios from 1.0% to 2.4% reduced the 
transverse reinforcement strain ( £stirrup ) at the peak load level by 66%. On the other
hand, Table 5-3 shows an enhancement in strength capacity o f 12%, and the CFRP bars 
used contributed from 11% to 19% of column capacity when the longitudinal 
reinforcement ratio was increased from 1.0 to 2.4%.
5.6.2.3 CFRP Spiral Spacing
The importance o f the amount o f spiral confining reinforcement or volumetric ratio as 
function o f spiral spacing on the behavior o f confined concrete is generally 
acknowledged. An increase in the volumetric ratio or closer spiral spacing may directly 
translate into a proportional increase in lateral confining pressure with an enhancement in
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confinement efficiency (Sharma et al. 2005; Cusson and Paultre 1994; Sheikh and 
Toklcuc 1993).
Moreover, the spacing of spiral reinforcement is important parameter affecting the 
stability of longitudinal bars against local buckling at maximum stress. This behavior is 
demonstrated in the load/stress—strain curves of the three CFRP RC columns (C10V- 
3H40, C10V-3H80, and C10V-3H120), which were designed with three different spacing 
o f 40, 80 and 120 mm, respectively (see Figure 5-10 and Figure 5-11). The volumetric 
ratio was increased while decreasing spiral spacing, while using the same CFRP spiral 
diameter (No.3).
Furthermore, Table 5-3 shows the increase in the spiral strain at the peak load from 175 
to 212 pe with increasing volumetric ratio, indicating the enhancement in lateral pressure. 
As expected, the specimens with the higher volumetric ratios or closer CFRP spiral 
spacing (40 and 80 mm) showed much ductile behavior. The specimen with largest 
spacing (120 mm) showed brittle behavior, presenting a faster rate of strength decay after 
the peak. An increase of 3% in strength, 57% in the ductility, 37% bar strength 
contribution and 21% in the confinement efficiency ( f cc/ f co ) was obtained as the 
volumetric ratio of spirals increased from 1.0 to 3%.
Confinement of concrete enhances its strength and ductility by restraining lateral dilation. 
Also, confinement using transverse reinforcements is known to contain and delay the 
damage process by restraining the dilation o f concrete (Mirmiran and Shahawy 1997). 
The nature o f such a confinement mechanism is passive in that the confining pressure is 
developed only after stirrup elongation is imposed on the restraining member by 
Poisson's effect in concrete.
Figure 5-13 shows the effect o f spiral spacing on the peak and post-peak cracking 
behavior of tested specimens in terms o f dilation ratio (defined as the ratio o f transverse 
to axial strain) versus axial strain. It is well known that plain concrete dilation ratio has 
an initial value (Poisson’s ratio) generally found to be in the range of 0.15 to 0.22. At the
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unstable crushing phase, this ratio assumes values up to 0.5, when the axial strain is 
approximately around 0.002, and grows almost with vertical slope.
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Figure 5-13: Dilation versus axial-strain
As shown in Figure 5-13, the initial slope o f all curves o f the tested specimens indicated 
that a perfectly elastic condition was happened. At strain equivalent to the unconfined 
concrete strain (approximately 0.0025), the curves deviate from this line with vertical 
slope, and reach their maximum as the load approaches its peak value. This point 
corresponds to the onset of uncontrolled crack growth leading to failure. In case o f the 
CFRP RC column with larger spiral spacing (Specimen C10V-3H120), the post-peak 
branch was limited in extent and rapidly extended vertically into failure. In the case o f the 
CFRP RC columns with closer spiral spacing (specimens C10V-3H40 and C10V-3H80), 
the post-peak branch showed larger development and more stable crack progression. This 
can be attributed to the fact that the close spiral spacing constrained the cracked concrete 
core laterally and delayed unstable crack propagation.
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5.6.2.4 CFRP Spiral Size
The three CFRP RC columns (C10V-2H80, C10V-3H80, and C10V-4H80) were 
prepared with three different spiral diameters (No. 2, 3, and 4, respectively) with constant 
spacing (80 mm). The corresponding volumetric ratios o f CFRP spirals were 0.7, 1.5, and 
2.7%, respectively. The test results indicated that the CFRP RC column failed in a brittle 
and explosive manner when confined with less than 1.5% volumetric ratio of CFRP spiral 
reinforcement.
Figure 5-10 and Figure 5-11 indicated that the specimen with small spiral diameter (No. 
2) and 0.7% volumetric ratio showed brittle behavior, presenting a faster rate o f strength 
decay after the peak. In general, both the strength and ductility o f confined core concrete 
increased with increasing volumetric ratio, whereas the ductility ranged from 1.53 to 1.88 
and the f ccj  f co ratio from 1.4 to 1.61. The higher ratios were obtained with specimens 
with higher volumetric ratios. This clearly indicates that when the concrete cover has 
completely spalled off, the maximum axial strength of the confined section can be 
significantly improved by lateral confinement.
On the other hand, an increase o f 6.75% in the maximum axial load and 21.4% in 
contribution o f longitudinal CFRP bars in the axial capacity were observed for CFRP RC 
columns as the volumetric ratio increased from 0.7% to 2.7%. The significant 
improvement in the contribution of longitudinal CFRP bars was attributed to the fact that 
the CFRP spirals at the higher volumetric ratio (2.7%) and closer spacing (80 mm) 
controlled the buckling o f the longitudinal bars at the maximum stress level. In 
conclusion, the amount of CFRP spiral reinforcement had a much greater effect on 
confinement efficiency and ductility was than on strength capacity.
5.6.2.5 CFRP Spiral Size/Spacing Configuration
In order to study the influence o f the size/spacing of CFRP spirals on the behavior of 
CFRP RC columns, three specimens were prepared using three different spiral diameters
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(No. 2, 3, and 4) with three different spacing (35, 80, and 145 mm), respectively. The size 
and spacing of the CFRP spiral were chosen to maintain a constant volumetric ratio 
(1.5%) for the three CFRP RC specimens (C10V-2H35, C10V-3H80, and C10V-4H145). 
Figure 5-10 and Figure 5-11 show the load/stress-strain behavior o f these three CFRP 
RC columns.
In general, the test results indicated that the CFRP RC columns with closer spacing and 
smaller diameter behaved much better than those with larger spiral spacing and larger 
diameter. The CFRP RC columns with larger spacing (145 mm) and diameter (No.4) 
failed in a brittle and explosive manner immediately upon reaching peak strength. The 
specimen lost 33% of its maximum capacities after reaching the peak load due to the 
sudden spalling o f the concrete cover, followed by diagonal shear failure through the 
concrete, spirals and CFRP bars. The CFRP specimens with closer spacing and smaller 
diameters (C10V-2H35 and C10V-3H80) showed ductile behavior in the post-peak stage, 
causing the column to fail in a more gradual manner than the larger spirals set at larger 
spacing (C10V-4H145).
It was also found that the smaller spirals at closer spacing offered sufficient restraint 
against buckling o f the longitudinal CFRP bars up to the compression failure. In contrast, 
a 25% increase in ductility, 16% increase in the strength o f the concrete core as measured
by fe d fc o  ratio> and 7% increase in the maximum load (Pmax) were observed for 
columns reinforced with No. 2 spirals spaced at 35 mm as compared to instead No. 4 
spaced at 145 mm. Similarly, a 17% increase in ductility, 4% increase in the strength of
the concrete core as measured by f ^ j  f co ratio, and 2% increase in the maximum load
{Pmax) were observed for columns reinforced with No. 3 spirals spaced at 80 mm in 
comparison to No. 4 spaced at 145 mm.
In conclusion, the ductility and confinement efficiency o f the concrete core can be 
improved by smaller diameter CFRP spirals with closer spacing than using by using 
larger diameter spirals with larger spacing.
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5.7 Predicted Versus Measured Load Carrying 
Capacity
The theoretical ultimate strength or nominal strength (Pa) of short axially loaded column 
is quite accurately determined by the following rational equation:
Where Ag is the gross sectional area of concrete and /  is the yield steel strength.
Equation 5-1 adds the ultimate and yield strengths o f the concrete and steel strengths, 
respectively, to estimate the theoretical nominal strength or yield point of short loaded 
RC columns under pure axial load. It was possible to express the column capacity in this 
simple form because both the concrete and steel reached their plastic states at 
approximately the same strain level (Ozbakkaloglu and Saatcioglu 2004). The parameter 
kc is defined as the ratio between the in-place-strength o f concrete to concrete cylinder
The difference is usually attributed to the size effect, shape and concrete casting practice 
between columns and concrete cylinders. In 1930, an extensive experimental program 
was conducted on reinforced concrete columns, which resulted in a value of 0.85 being 
suggested for kc (Lyse and Kreidler 1932). Since then, the 0.85 reduction factor has been 
considered in ACI 318-11 for estimating the nominal capacity o f  steel RC columns:
Table 5-3 presents the test results o f the load carried by the concrete (computed as the 
difference between the peak load and the load carried by the reinforcement) and 
normalized with respect to the net area o f concrete ( Ac) multiplied by the average
concrete compressive s t r e n g th ( /^  —Z ^ . ) / {f'cAc) . Table 5-3 indicates that the average
Po=K/X^-^)+fyA Equation 5-1
strength ( f j j f f ) .
Pa = 0 .85f X A g - A M) + f yAM Equation 5-2
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concrete compressive stress at peak in all the CFRP RC columns, was close to 0 .85^.', 
which is the value defined in ACI 318-11.Moreover, the measured strain in the CFRP 
bars indicated that its contributions in the ultimate column capacity varied from 6% to 
19% depending on the test parameters, with an average value equal to 13%, considering 
its compressive modulus equal to the tensile modulus, the number o f bars and its cross- 
sectional area.
Nowadays, CAN/CSA S806-12 permits the use of FRP bars as longitudinal 
reinforcement in columns subjected to axial load only, ignoring the contribution o f FRP 
bars in the ultimate capacity of the columns, as shown in Equation 5-3. Our study used 
two other equations (Equations. 5-4 and 5-5) to predict the nominal axial capacity of the 
CFRP RC columns. Equation 5-4 presents the ACI 318-11 design equation with ignoring 
the contribution o f CFRP bars and using the 0.85 reduction factor. Equation 4 was 
introduced to account for the contribution o f the CFRP bars using the reduction factor
M
PD—a x f'c{.Ag — Af ) Equation 5-3
Pa = 0 .8 5 /c' (A g —A f ) Equation 5-4
Pa =0.85 f'c (Ag - A F) + a cf f jA F Equation 5-5
Where or, = 0 .8 5 —0 .0 0 1 5 / ^  0 .67 andj^u is the ultimate FRP tensile strength. A new 
factor ( a c ) was introduced to account for the reduction in the compressive strength o f the 
CFRP bar as function o f its tensile strength. This factor was found to be equal to 0.25 
based on the test results of the present study. Figure 5-14 presents the ratios of 
experimental maximum load to the predicted nominal capacity ( P ^  /  Pa} o f the CFRP 
RC specimens.
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It was found that the ratios of the experimental maximum load to predicted values 
(-^max//» .)  us*ng Equation 5-5 were ranged from 1.01 to 1.09. These values indicate that
this equation provided accurate and conservative predictions o f the nominal capacity of 
the CFRP RC columns. Ignoring the contribution o f the CFRP longitudinal bars in 
Equations 5-3 and 5-4 underestimated the maximum capacity on average by 40 % and 30 
%, respectively.
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Figure 5-14: Experimental loads to predicted values fo r  the CFRP RC columns
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5.8 Conclusions
This study is part of an ongoing research program at the University of Sherbrooke that 
aims to investigate the structural performance o f FRP RC columns. This paper presented 
tests that were performed to investigate the compression behavior o f circular concrete 
columns reinforced longitudinally with CFRP bars and transversely with newly 
developed CFRP spirals. A total of 11 full-scale RC columns were prepared to study five 
test variables: reinforcement type (CFRP versus steel); longitudinal CFRP reinforcement 
ratio; and volumetric ratio, size, and spacing o f CFRP spiral reinforcement. Based on the 
experimental test results and analysis presented in this paper, the following conclusions 
can be drawn.
1. The CFRP and steel RC columns behaved in a similar manner up to o f their peak 
loads. The axial capacities of the CFRP RC columns were on average 5 % lower than 
their steel RC counterparts.
2. The CFRP bars developed up to 0.75 % compression strain, confirming that the 
CFRP bars were effective in resisting compression until after crushing o f concrete. 
The CFRP bars contributed on average 13 % o f column capacity, which is close 
enough to steel’s contribution (16%).
3. The test observations indicated that failure of the CFRP RC columns with large spiral 
spacing or with small volumetric ratio (0.7 %) was controlled by diagonal shear plane 
through the longitudinal bars and spirals. Conversely, failure o f the well-confined 
CFRP RC columns was attributed to the crushing of the concrete core and rupture of 
the CFRP spirals.
4. The effect o f CFRP spiral spacing on confinement efficiency and ductility was much 
more pronounced than on strength capacity.
5. The ductility and confinement efficiency of the concrete core can be improved by 
using smaller size CFRP spirals with closer spacing than by using larger diameter 
spirals with larger spacing. The CFRP specimens with closer spacing and smaller 
diameters showed ductile behavior in the post-peak stage, causing the column to fail
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in a more gradual manner than those with larger CFRP spirals at larger spacing. The 
CFRP RC columns failed in a brittle and explosive manner when confined with less 
than 1.5 % volumetric ratios or with spiral spacing over 80 mm even volumetric 
ratios higher than 1.5 %.
6. Using a 0.25 reduction factor to account for the reduction in the compressive strength 
o f the CFRP bars as a function of their tensile strength provided accurate and 
conservative predictions of the nominal capacity of the tested CFRP RC columns. 
Ignoring the contribution of the CFRP bars in the CAN/SCA S806-12 design equation 
underestimated the maximum capacity o f the tested specimens on average by 40 %. 
More experimental evidence is needed, however, to more accurately define CFRP 
compressive strength.
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CHAPTER 6  
THEORETICAL STRESS-STRAIN MODEL FOR 
CIRCULAR CONCRETE COLUM NS CONFINED  
BY FRP SPIRALS A N D  HO OPS
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6.1.2 French titre:
Analyse theorique des colonnes circulaires en beton arme de barres en PRF et confine par 
des etriers en spirales et des etriers en cerceaux a base de PRF.
6.1.3 Contribution in thesis:
In this chapter, the theoretical analysis o f GFRP and CFRP RC circular columns was 
investigated. The confinement model, longitudinal bars contributions, and stress-strain 
model were also discussed in this chapter.
6.1.4 French abstract:
Les barres d ’armature en polymeres a base de fibres (PRF) ont ete utilisees comme ses 
systemes d’armature interne pour les Elements en beton arme dans differentes 
applications. Le comportement en flexion et au cisaillement des elements en PRF a ete 
largement etudie au cours des deux demieres decennies. Neanmoins, le comportement 
axial en compression de colonnes en PRFC n'a pas encore ete defini. En raison de la 
difference dans les proprietes mecaniques entre l’armature en PRF et l’armature en acier,
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le comportement en compression des colonnes en beton arme de barres en PRF et 
confinees par des spirales en PRF ou des cerceaux peut differer de celles renforcees avec 
de l’acier. Le confinement des colonnes en beton augmente la resistance a la compression 
et la ductilite de la colonne. Dans cette etude, les equations proposees et le modele de 
confinement ont ete presentes pour predire le comportement contrainte-deformation 
axiale des colonnes en PRF confinees par des spirales en PRF ou des cerceaux en PRF. 
Le modele prend en compte l'effet de plusieurs parametres, tels que: type d ’armature, le 
pourcentage d'armature longitudinale; la configuration de l’armature transversale, le 
pourcentage volumetrique, le diametre et l'espacement des spirales. Le modele propose 
peut etre utilise pour evaluer la pression de confinement, la contrainte du noyau en beton 
confine, la deformation du beton correspondante et la relation contrainte-deformation. 
Les resultats de l’analyse selon le modele de confinement propose ont ete compares aux 
donnees experimentales de vingt-quatre colonnes circulaires a grande echelle en PRF. 
Une bonne concordance a ete obtenue entre les resultats analytiques et experimentaux. 
Les equations proposees pour predire a la fois la resistance et le comportement 
contrainte-deformation des colonnes confinees par des armatures en PRF montrent une 
bonne correlation avec les donnees des essais obtenus a partir des specimens a grande 
echelle.
Mots-cles: beton, colonne circulaire; confinement; PRFV; PRFC; spirale; cerceaux ; 
modele de confinement; contrainte-deformation.
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6.2 Abstract
Fiber-reinforced-polymer (FRP) bars have emerged as internal shear and flexural 
reinforcement for reinforced-concrete (RC) members in different applications. 
Nonetheless, the axial compression behavior o f FRP RC columns has not yet been 
defined. Due to the differences in the mechanical properties o f FRP and steel 
reinforcement, the compression behavior o f concrete columns reinforced with FRP 
reinforcement may differ from those reinforced with steel. This study proposed equations 
and a confinement model to predict the axial stress-strain behavior o f RC columns 
reinforced with glass-FRP bars (GFRP) or carbon-FRP (CFRP) and confined by 
GFRP/CFRP spirals or hoops. The model takes into account the effect o f many 
parameters such as transverse reinforcement configuration, longitudinal reinforcement 
ratio, the volumetric ratio, and the size and spacing of spirals or hoops. The proposed 
model can be used to evaluate the confining pressure, confined concrete core stress, 
corresponding concrete strain, and stress-strain relationship. The results o f analysis using 
the proposed confinement model were compared with an experimental database o f full- 
scale circular GFRP and CFRP RC columns. The proposed equations demonstrate good 
ability in predicting the stress-strain behavior of the tested GFRP/CFRP RC column 
specimens.
Keywords: Concrete; Column; Circular; FRP; Spiral; Hoop; Confinement model; Stress- 
strain.
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6.3 Introduction
The long-term durability of reinforced concrete structures has become a major concern in 
the civil-engineering construction industry. One o f the main factors reducing durability 
and service life of reinforced-concrete (RC) structures is the corrosion o f steel 
reinforcement. Recently, the use o f fiber-reinforced polymer (FRP) as alternative 
reinforcing material in RC structures has emerged as an innovative solution to 
overcoming the corrosion problem. Today, public agencies and regulatory authorities in 
North America have included FRP bars as a premium corrosion-resistant reinforcing 
material to reinforce concrete structures subjected to flexural and shear loads. 
Nonetheless, the behavior of FRP bars, spirals, and hoops in RC compressive members 
remains a relevant issue for investigation (De Luce et al. 2011; ACI 440.1 R-06; CSA 
S806-12). The construction industry’s use o f FRP materials to confine concrete columns 
dates back to the early 1980s, owing to its distinctive characteristics. Recently, a 
significant experimental research effort has focused on the use o f FRP hoops and spirals 
in concrete columns. The experimental results indicated that the performance of FRP 
hoops and spirals in confining concrete cores was similar to that provided by steel 
(Alsayed et al. 1999; De Luca et al. 2010; Issa et al. 2011; Tobbi et al. 2012; Afifi et al. 
2013 a and b).
In the past, valuable studies have been conducted to investigate the confinement of RC 
columns with steel reinforcement, with researchers proposing various confinement 
models (Richart et al. 1928; Sheikh and Uzmeri 1980; Park et al. 1982; Mander et al. 
1988). It has been demonstrated that suitable confinement o f the concrete core with 
transverse reinforcement enhances both strength and ductility. In particular, the strength 
enhancement from confinement and the slope of the descending branch o f the concrete 
stress-strain curve have a considerable influence on the flexural strength and ductility of 
RC columns (Mander et al. 1988). Since the initial studies on FRP confined concrete, 
several analytical and empirical models with varying degrees o f sophistication have been 
suggested to predict stress-strain response (Fardis and Khalili 1982; Mirmiran and
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Shahawy 1997; Samaan et al. 1998; Spoelstra and Monti 1999; Xiao and Wu 2000; Lam 
and Teng 2003; Marques et al. 2004; Harajli 2006; Teng et al. 2007; Jiang and Teng 
2007; Mohamed and Masmoudi 2010). A number o f these models devolved as extensions 
of the Mander et al. model (1988). In general, the elastic behavior of FRP -unlike steel- 
provides increasing confining pressure. As the axial concrete strain increases under axial 
load, the confining stress keeps increasing with the expansion o f concrete until rupture of 
FRP due to its linear elastic-brittle properties. In contrast, in the case o f steel-confined 
concrete, the lateral confining stress remains basically unchanged or increases 
insignificantly with the concrete’s expansion after the steel has yielded. The confinement 
in that phase can be approximated as a constant active confinement and the overall 
confined concrete behavior is dominated by the concrete’s properties (Cui and Sheikh 
2010).
Recently, Tobbi (2013) introduced a modification to the steel-based confinement model 
to predict the confinement behavior of rectangular concrete columns reinforced with FRP 
bars and hoops. Up to date, no confinement models have been proposed in the literature 
for circular columns reinforced with FRP bars and confined by FRP spirals or hoops. 
Further experimental and theoretical studies are still necessary to better understand the 
responses of rectangular and circular FRP RC columns.
6.4 Research Significance
Widely accepted and defensible design equations that engineers can use are needed if 
FRPs are to gain widespread acceptance as internal reinforcement for concrete columns. 
This study focused on the development o f a simple, accurate, and rational design 
proposal for circular concrete columns reinforced with GFRP or CFRP bars and confined 
by GFRP/CFRP spirals or hoops. A confinement model is proposed to predict the 
maximum concrete core stress and corresponding concrete strain. In addition, a new 
design proposal is presented to predict the stress-strain relationship of such columns. The 
results of this study can be considered as a fundamental step toward introducing a
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confinement model for using GFRP/CFRP spirals and hoops as internal reinforcement in 
RC columns.
6 .5  E x p e r i m e n t a l  D a t a b a s e
In this study the test results of 27 full-scale circular RC columns tested under pure axial 
compression load were employed. The column specimens were totally reinforced with 
either GFRP or CFRP reinforcements. The columns tested were short columns, 300 and 
1500 mm in diameter and height, respectively. All the column specimens were cast using 
ready-mixed concrete with an average compressive strength of 42.9 MPa. Different 
experimental parameters were included in the test matrix such as type o f reinforcement, 
longitudinal reinforcement ratio, spiral size, spiral pitch, spiral size/pitch ratio, stirrup 
configuration (spiral versus hoops), and hoops overlap length. Specimens were divided to 
three series as presented in Table 6-1. Series I contains three reference columns; one 
plain concrete without any reinforcement and two columns reinforced with steel 
reinforcement. Series II contains 12 specimens internally reinforced with GFRP bars and 
GFRP spirals or hoops. Series III includes 12 specimens reinforced with CFRP bars and 
confined by CFRP spiral or hoops stirrups. The influence of spiral diameter (size) was 
considered using No. 6.4 mm, No. 9.5 mm, and No. 12.7 mm GFRP or CFRP spirals. 
Three different longitudinal reinforcement ratios (p*) were introduced in the test matrix 
for GFRP and CFRP RC columns. The effect o f spiral spacing was investigated using 
three different spacings (40, 80, and 120 mm) of No. 9.5 mm GFRP or CFRP spirals. Six 
column specimens were prepared to study the effect o f  spiral size / spacing configuration, 
while maintaining a constant volumetric ratio (pst = 1.5). Three spiral diameters (No. 6.4 
mm, No. 9.5 mm, and No. 12.7 mm) were used with three different spacings (35, 80, and 
145 mm), respectively. Finally, six specimens were reinforced laterally with No. 9.5 mm 
GFRP or CFRP hoops with a constant pitch (80 mm). These specimens served to study 
the effect o f confinement with circular hoops and their lap splice lengths. Three lap splice 
lengths (Ld) were used (20*4, 40<4 and 60*4), where <4 is hoop diameter. All the FRP RC 
columns were designed according to CSA/CAN S806-12 code requirements for
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longitudinal and transverse reinforcement. The FRP spiral reinforcement was designed to 
reflect the practical limitations concerning stirrup size, minimum volumetric ratio and 
minimum and maximum clear spacing between spirals. All the details regarding 
arrangement of longitudinal bars, transverse hoops, and spiral reinforcement used are 
illustrated in Table 6-1 and Figure 6-1.
Table 6-1: Columns series o f  tested columns
Parameter Series I Series II Series III
Control
(Reference)
P
S6V-3H80
S6V-3H40
G8V-3H80 C10V-3H80
Longitudinal 
reinforcement ratio
G4V-3H80
G12V-3H80
C6V-3H80
C14V-3H80
Spiral size
G8V-2H80
G8V-4H80
C10V-2H80
C10V-4H80
Spiral pitch
G8V-3H40
G8V-3H120
C10V-3H40
C10V-3H120
Spiral size/pitch
G8V-2H35
G8V-4H145
C10V-2H35
C10V-4H145
Hoop overlap 
length
G8V-30200
G8V-30400
G8V-30600
C10V-30200
C10V-30400
C10V-30600
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300 mm Dia.
Plain
M10 @ 40 or 80 mmo 6MI5Spiral pitch C\C variable
S
Steel
variable
Stirrup variable
Dia. variable
GFRP or CFRP 
Section A-A
Spiral pitch = 50 mm
Figure 6-1: Reinforcement details and dimensions.
Sand-coated GFRP and CFRP bars and transverse stirrups were used to reinforce all the 
GFRP and CFRP RC column specimens in the longitudinal and transverse directions, 
respectively. The GFRP and CFRP reinforcement was made o f continuous E-glass and 
carbon fibers, respectively, impregnated in a thermosetting vinyl-ester resin, additives, 
and fillers (Pultrall Inc. 2012). The FRP reinforcement had a sand-coated surface to 
enhance bond performance between the bars and the surrounding concrete. The tensile 
properties of longitudinal GFRP and CFRP bars were determined by performing B.2 test 
method according to ACI 440.3R (2004) as reported in Table 6-2.
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Table 6-2: Mechanical properties o f  longitudinal FRP tested bars
B ar Size
d b A F e f ffu
mm mm2 GPa MPa (%)
G FRP
# 5 15.9 199 55.4 934 1.56
CFRP
# 4 12.7 129 140 1899 1.32
db = bar diameter, A F = bar cross-sectional area, E F = bar modulus o f elasticity, f fu = 
bar ultimate tensile strength, and e ju = bar ultimate strain.
While the tensile properties for transverse reinforcements were determined by using B.5 
test method. Also, the bent tensile strength was calculated using ACI 440.1R-06 (Equation 
6 - 1).
Table 6-3 presents the measured and calculated bent tensile strength o f transverse 
reinforcement.
f ,fufbeni
f  \
0.05 — + 0.3 fju — ffu Equation 6-1
v /
Where rh = Radius o f the bend.
Table 6-3: Mechanical properties o f  transverse FRP tested stirrups
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Straight Portion Bent Portion
B ar Size ffu
M Pa
e f
GPa
e *
(%)
Theo.
fJuJbaU
Exp.
ffu,bent
GFRP
# 2 938 52.5 1.90 469
# 3 889 53.4 1.89 445
# 4 941 53.6 1.70 471 500
CFR P
# 2 1518 127 1.20 759
# 3 1596 120 1.33 798 614
# 4 1899 140 1.32 950 700
Bent bar ultimate tensile strength
Electrical strain gauges and LVDTs were used to capture the strain distributions o f the 
concrete, bars, spirals, and hoops. The specimens were tested under concentric axial 
loading using an 11,400 kN MTS testing machine.
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6.6 Test Results and Discussion
6.6.1 Failure and Strength Behavior
Table 6-4 summarizes the experimental results o f the tested specimens. Two different 
modes of failure were observed in the columns tested in this study. The GFRP and steel 
RC specimens failed in a ductile manner with the gradual spalling of the concrete cover, 
followed by buckling o f the longitudinal bars and then rupture o f  the spirals or hoops. On 
the other hand, because carbon fibers are more brittle than glass fiber with ultimate 
elongation 1.32 and 1.56 for carbon and glass fibers, respectively, he CFRP columns failed 
in a rather sudden and brittle manner, closely similar to the failure of the plain specimen. 
The control plain specimen did not exhibit any significant post-peak behavior but rather 
failed suddenly after reaching peak load. During testing, limited vertical hairline cracks 
started to appear at approximately 85% to 95% of their peak loads. After the peak point, 
the columns lost 10% to 25% of their maximum capacities due to the sudden spalling o f 
the concrete cover, where the average measured axial concrete strains ranged from 2,000 
to 2,600 jxe. Once the cover spalled, significant microcracking in the core caused the core 
to dilate, activating the passive confining pressure o f the spiral and hoop reinforcement. 
As a result, the concrete was crushed or the GFRP spiral ruptured after buckling o f  the 
longitudinal bars. The CFRP RC columns failed before buckling because CFRP bars do 
not have high bending capacity. The failure o f CFRP bars took the form of breaking into 
many small pieces in the test region. Figure 6-2 shows a close-up o f the rupture o f  the 
GFRP, CFRP and steel spirals, and the buckling and rupture o f the longitudinal bars. The 
test observations did not show pullout or slippage failure in the GFRP and CFRP hoops. 
The failure of these specimens occurred as a result o f hoop rupture at locations beyond 
the splice length.
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Table 6-4: Experimental test results
Specimen
pm
KN pe
€ bar
P E
Specimen
P mxx
KN pe
£ bar
pe
G8V-3H80 2920 2119 2120 C10V-3H80 3013 1926 2043
G4V-3H80 2826 2471 2517 C6V-3H80 2905 1755 1648
G12V-3H80 2998 2092 1885 C14V-3H80 3107 1995 2268
G8V-2H80 2857 1746 1338 C10V-2H80 2948 1731 1850
G8V-4H80 3019 2141 2376 C10V-4H80 3147 2099 2550
G8V-3H40 2964 2740 2484 C10V-3H40 3070 2234 2458
G8V-3H120 2804 2358 1964 C10V-3H120 2981 2016 1796
G8V-2H35 2951 2159 2228 C10V-2H35 3148 1879 2195
G8V-4H145 2865 2311 2160 C10V-4H145 2941 2084 2036
G8V-30200 2840 1863 1448 C10V-30200 2869 1972 1788
G8V-30400 2871 2248 2963 C10V-30400 2960 1987 2801
G8V-30600 2935 2174 2714 C10V-30600 3008 2198 2098
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Figure 6-2: Close-up view o f  the test region; (a) diagonal plan failure o fplain specimen; 
(b) buckling o f  longitudinal steel bars and rupture o f  spiral stirrups; (c) buckling o f  
longitudinal GFRP bars and rupture o f  spirals; and (d) rupture o f CFRP spirals and
crushing o f  CFRP bars.
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Figure 6-3 and Figure 6-4 show the stress-strain curves o f the RC columns reinforced 
with GFRP and CFRP reinforcements, respectively. The concrete compressive strength 
was calculated by substituting the contributions of GFRP or CFRP longitudinal bars and 
concrete cover. The details procedures of obtaining the stress-strain curves can be found 
in Tobbi et al. 2012; Afifi et al. 2013a and b; Mohamed et al. 2013. All o f the columns 
initially behaved similarly and exhibited relatively linear load—strain behavior in the 
ascending part up to their peak loads. It was found that the initial stiffness depended only 
on the concrete compressive strength, regardless o f the test parameters investigated. The 
peak load and corresponding axial strain varied somewhat, depending on the confinement 
characteristics of the core concrete. Using GFRP, CFRP, and steel reinforcement 
increased the peak loads to 1.20, 1.24, and 1.27 times that of the plain specimen, 
respectively. The maximum axial load, Pmax, sustained by each GFRP RC specimen 
varied between 2,840 and 3,019 kN, and ranged from 2,869 to 3,147 kN for the CFRP 
specimens. The higher loads correspond to well-confined specimens. The maximum axial 
load of the steel RC specimen was 3141 kN, which is 8.0% and 4.0% higher than that of 
its counterpart GFRP and CFRP RC specimens, respectively. In regard to the influence o f 
the FRP reinforcement type, the CFRP RC columns with spirals and hoops achieved 
insignificant increases in peak loads o f 3.4% and 2.16%, respectively, as compared to 
their counterpart GFRP RC columns. On the other hand, with respect to the influence of 
confinement configuration, the GFRP and CFRP RC columns with spirals attained 1.3% 
and 2.2% higher strength, respectively, than that obtained with the counterpart specimens 
confined with hoops. While, for the influence o f hoops lap splice length, specimens with 
a small lap splice length (20*4) failed in a brittle and explosive manner compared to the 
ductile behavior o f the specimens with larger splice length (60<4).
The GFRP and CFRP RC columns reached the peak load at a strain level ranging from 
1,746 to 2,248 pa, and 1,731 to 2,198 pe, respectively, depending on the test parameters. 
These values are approximately close to the measured unconfined concrete strain (2,300 
pe). At this stage of loading, the confinement of the spiral stirrups had not yet been 
activated. The ascending branches o f load-strain relationships were almost linear up to
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the beginning of cover spalling. The second stage in the load-strain curve occurred with 
the initiation of lateral cracks as the confining pressure o f the lateral reinforcement 
started to be activated. After that, the GFRP and CFRP RC columns lost, on average, 
15% to 25% and 15% to 20%, respectively, of their maximum capacities due to the 
sudden spalling of the concrete cover, where the average measured axial concrete strains 
ranged from 2,500 to 3,300 pe. The GFRP RC columns, however, exhibited ductile 
behavior, showing a lower rate of strength decay after peak load than the CFRP 
counterparts. Overall, it was observed that the columns reinforced with GFRP or CFRP 
spirals had better post-peak behavior than that confined with hoops. The specimens 
reinforced with hoops exhibited less ductile behavior, showing a faster rate o f strength 
decay at the descending part.
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6.6.2 Dilation and Volum etric Stress-Strain Response
Design o f concrete columns is based on the ultimate strength capacity, which uses a 
portion of the post-peak or strain-softening branch o f concrete in uniaxial compression. 
Subsequently, to calculate the ultimate structural capacity and to understand structural 
parameters effects on ultimate strength, the usable portion o f the post-peak behavior of 
confined concrete must be well characterized and taken into consideration. Confinement 
of concrete enhances its strength and ductility by restraining lateral dilation. In circular 
concrete columns, passive confinement is normally provided by spiral or hoop 
reinforcement.
In the case of low levels of stresses in the concrete, the transverse reinforcement is hardly 
stressed and hence the concrete is unconfined. The concrete becomes confined when at 
stresses approaching the uniaxial strength, the transverse strains becomes very high due 
to the formation and growth of microcracks, and the concrete dilates activating the spiral 
reinforcement, which then applies confining pressure to the concrete. Confinement in the 
form of discontinuous transverse reinforcement or full encasement is known to contain 
and delay the damage process by restraining the dilation o f concrete (Mirmiran and 
Shahawy 1997). In this study, the pre-peak and post-peak cracking behavior o f the tested 
FRP RC columns is presented using the dilation and volumetric stress-strain response.
In a triaxial state of stress, volumetric strain £v is defined as the volume change per unit 
volume as follows:
£v = £c + 2 s r Equation 6-2
Where £c is the axial strain; and 2 e r is the lateral strain. Figure 6-5 and Figure 6-6 show 
the volumetric strain versus axial strain o f specimens confined by spirals and hoops, 
respectively. It is assumed that a positive volumetric strain indicates volume reduction, 
whereas a negative value indicates expansion.
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In Figure 6-5 and Figure 6-6, the initial slope o f all curves is close to 1 -2  u  (where u  is 
the Poisson’s ratio o f the concrete assumed to be equal to 0.20), which corresponds to the 
perfectly elastic condition. The curves deviate from this line and reach their maximum as 
the load approaches its peak value. This point corresponds to the onset o f uncontrolled 
crack growth leading to failure. These results are consistence and in a good agreement 
with that obtained on square full-scale FRP RC columns (De Luca et al. 2010). The 
figures indicated that the GFRP and CFRP RC columns with smaller volumetric ratio 
(Specimens G8V-2H80 and C10V-2H80), the post-peak curve has a limited extent and 
rapidly develops into failure.
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Figure 6-5: Volumetric strain response o f  spiraled specimens
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Figure 6-6: Volumetric strain response o f  hooped specimens
In the case o f the GFRP and CFRP RC columns with higher volumetric ratios, the larger 
development of the post-peak curve clearly indicates that GFRP and CFRP spirals are 
activated for confinement core concrete. Figure 6-7 and Figure 6-8 show the dilation ratio 
(defined as the ratio of transverse to axial strain) versus axial strain o f specimens 
confined by spirals and hoops, respectively.
It is well known that plain concrete dilation ratio has an initial value (Poisson’s ratio) 
generally found to be in the range o f 0.15 to 0.22. At the unstable crushing phase, this 
ratio assumes values up to 0.5, when the axial strain is approximately around 0.002, and 
grows almost with vertical slope. As shown in Figure 6-7 and Figure 6-8, the initial slope 
of all curves of the tested specimens indicated the perfectly elastic condition. At strain 
equivalent to the unconfined concrete strain, the curves deviate from this line with 
vertical slope, and reach their maximum as the load approaches its peak value. Greater 
compressive strains in confined concrete at rupture o f FRP indicate the increased ductility 
of a section.
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Figure 6-8: Dilation versus axial-strain o f  hooped specimens
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For specimen with small spiral diameter (No. 6.4 mm; 0.7% volumetric ratio), Figure 6-7 
and Figure 6-8 indicated that the post-peak branch was limited in extent and rapidly 
extended vertically into failure. In the case of the FRP RC columns with larger spiral 
diameter (specimens G8V-4H80 and C10V-4H80), the post-peak branch showed larger 
development and more stable crack progression. This can be attributed to the fact that the 
higher volumetric ratio of transverse reinforcements (2.7%) constrained the cracked 
concrete core laterally and delayed unstable crack propagation causing the column to fail 
in a more gradual manner. In comparison, the dilation and volumetric responses of 
hooped FRP RC columns in the ascending part were similar to that o f spirally FRP RC 
columns.
However, figures through Figure 6-5 to Figure 6-8 showed that the FRP spirals (GFRP 
and CFRP) were early activated to confine the core concrete at strain approximately 
equal to 0.002. While the FRP hoops were engaged in confining the core concrete at 
strain equal to 0.0025. It causes the delay in activating and utilizing the transverse 
reinforcement. This attributed to the continuous nature o f spiral reinforcement that 
provided better confinement for core concrete than with discrete hoop reinforcement. It 
indicates that the core concrete do not obtain adequate confining pressure from hoop 
reinforcement in immediate post-peak region which leads to the sudden drop o f load 
capacity to a lower level than compared to spirally FRP RC columns.
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6.7 Confinement Modeling
Confining concrete columns with transverse stirrups is a passive approach to increase the 
strength and ductility of concrete. In such confined column, at low level o f concrete axial 
strain, the confinement from transverse reinforcement is negligible due to small 
transverse strain. After that and with increases o f axial load, significant micro-cracking 
occurs in the concrete core with increasing of transverse strains due to Poisson’s effect 
which become noticed and results a lateral pressure. This confining lateral pressure is 
developed as an outcome of a restraint to the transverse dilation of the concrete when 
subjected to axial load.
Numerous confinement models have been proposed for FRP- and steel-confined concrete 
over the past two decades. In 1928’s, the first attempt was developed to model the steel 
confined concrete by Richart et al., and based on the test results the relationship between 
unconfined concrete and the confined concrete was introduced as follows:
Where is maximum concrete strength; f 'co is unconfined concrete strength; f ,  is lateral 
pressure (either passive or active pressure); £cc is concrete strain corresponding to / c'c; 
sco is unconfined concrete strain corresponding to f ’co ; coefficient k ] which depends on 
concrete proprieties and lateral pressure; and coefficient k 2 reflects the efficiency of the 
confining reinforcement arrangement. Richart et al. 1928 found that the average values of 
the coefficients A,and k 2 can be 4.1 5 k {, respectively. Based on Richart’s et al. equation,
subsequent numerical models for evaluating the maximum concrete core compressive 
strength have been proposed (e.g., Sheikh and Uzmeri 1980; Park et al. 1982; Mander et 
al. 1988; Razvi and Saatcioglu 1999). One o f the most widely used model to estimate the
fee - f CO +k f l Equation 6-3
= *«,(! + *2  j r ) Equation 6-4
J CO
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axial concrete strength o f reinforced concrete columns confined with transverse steel is 
the one proposed by Mander et al. 1988 (Equations 6-5 and 6-6).
fee = fee -1.254 + 2.254 /1 + - $ * / '  - 2 A -
V fee fco
Equation 6-5
£  =  sCC CO 1 +  5  ( f l — i
Uco ,
Equation 6-6
Equation 6-7.a
f ,  = 0.5p j yh Equation 6-7.b
Where / /  is the effective lateral confining pressure; k e is confinement effectiveness 
coefficient ( k e <1.0); f { is the lateral pressure from the transverse reinforcement, 
assumed to be uniformly distributed over the surface of the concrete core; ps is ratio of 
the volume of transverse confining steel to the volume o f confined concrete core; an d ./^  
is the yield strength of the transverse reinforcement.
In circular concrete columns, the maximum lateral pressure from the confining steel is 
only existing at the level o f transverse stirrups where the confining stress has fully 
developed on the area o f concrete core ( 4 C). On the other hand, the minimum lateral 
pressure is located midway between levels o f transverse stirrups. This means that, at that 
level, the area o f ineffectively confined concrete will be larger than the area o f effectively 
confined concrete core (A e). Figure 6-9 shows the arching action that is assumed to occur 
in the form of a second-degree parabola with an initial tangent slope between the levels 
of transverse stirrups. So, the confinement effectiveness coefficient k e is calculating as 
follows:
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A
ke = -p - Equation 6-8
Ac  = A  0  -  Pec) Equation 6-9
p cc is the ratio of area o f longitudinal reinforcement to area o f core of section; and A c is 
the area o f core of section enclosed by the center lines o f the transverse stirrups.
Therefore, for circular hoops, the confinement effectiveness coefficient k e is given as 
follows:
(1 -  )2 
2d= --------1—  Equation 6-10
0 - A c )
Similarly, for circular spirals, the confinement effectiveness coefficient k e is given as 
follows:
s '
2d
k e = --------— Equation 6-11
(1 “  Pcc )
where s ' is the clear vertical spacing between hoops; and d s is the diameter o f the core 
measured center-to-center of hoops.
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Figure 6-9: Arch action fo r  hooped circular column
Fardis and Khalili 1981 were the first who developed a confinement model for the FRP- 
encased concrete in compression based on the steel confined model. However, this direct 
application was found inappropriate due to the different properties of confining materials 
and as a result, different confining mechanisms (Nanni and Bradford 1995; Samaan et al. 
1998; Spoelstra and Monti 1999). For FRP-confined concrete, as the axial strain increases 
under load, passive confinement is recognized since the confining stress keeps increasing 
with the expansion o f concrete due to linear elastic properties of FRP. Most o f the 
existing strength models for the FRP confined concrete were developed takes the form of 
Equation (6-3). However, new values for coefficient (k { andk 2) were obtained from the
test results on the concrete cylinders confined by FRP sheets or tubes. Equation 6-12 and 
Equation 6-13 represent the second form for the FRP confined concrete, showing a 
nonlinear relationship between the increase in the concrete strength and the confinement 
ratio f l f l o  - It was based on the experimental test results which indicated that the lateral 
confinement was less effective at higher levels o f  confining pressure.
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■^- = 1.0+a 
fJ CO
Equation 6-12
+c
\ f C O  J
Equation 6-13
Where a,b,c  and d  factors were proposed from experimental results. Table 6-5 shows 
different examples of the concrete strength model in the literature.
Table 6-5: Existing confinement concrete models
Model Equation
Fafitis and Shah 1985 ^ -= 1  +
J CO
f  2 01.15 + —r-
V. fco J
4- Equation 6-14
fco
Saatcioglu and Razvi 1992 feC=fL>+6-7{fi)0*3 Equation 6-15
Cusson and Paultre 1995 fee-fco i+2.if-i-
\fco j
0 7 “
Equation 6-16
Miyauchi et al. 1999 f cc — fco 1 + 2.98 -4- 
fco.
Equation 6-17
Lam and Teng 2002 fee fco 1 + 2.0 ^ -  
fco
Equation 6-18
Mohamed and Masmoudi 
2010
f '  = /J CC J CO 0/7 + 2.7
r f  \ 0 7 h
V f c o  J
Equation 6-19
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6.7.1 Proposed Confinem ent M odel for Circular Concrete 
Colum ns Confined with FRP Spirals and Hoops
A simple empirical relationship is developed to predict the confined concrete strength f cc 
o f circular concrete columns confined with FRP spirals and hoops. The proposed 
confinement model was developed on the basis o f the equivalent uniform confinement 
pressure concept considering the influence of various types o f confinement which is 
dependent on the configuration of the transverse and longitudinal reinforcement. Besides 
the above fundamental assumption, the following assumptions were also adopted in 
developing the proposed confinement model.
(a) All transverse stirrups are in the same condition along the height o f the member.
(b) The lateral concrete strains were equal around the circumference o f the spiral among 
the column height.
(c) Full adhesion between concrete and FRP bars and spirals is ensured up to the failure 
of compression members.
(d) Stress in transverse reinforcement does not exceed the value o f0.0042^ as mentioned 
in CAN/CSA S806-12, where -£ /=  modulus of elasticity o f FRP transverse 
reinforcement.
Based on these assumptions and using the general confined concrete equation (Equation 
6-3), and also, considering Mohr-Coulomb’s failure criterion theory that the increase in
the confined concrete strength f cc is related linearly to the confining lateral pressure, 
Equation 6-12 and 6-13 can be used for calculating the concrete core strength / cc and 
corresponding concrete strain £cc, respectively. In this study, a new model to account for
the confinement using FRP spirals or hoops is proposed to predict the peak stress o f the 
FRP RC columns. The proposed model was calibrated using the regression analysis
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method and based on the interpretation o f the test results o f the experimental database. 
The results of the analysis indicated that the coefficients a,b ,c  and d  could be identified 
as 4.547, 0.72, 0.0243, and 0.91, respectively, for GFRP RC circular columns, see 
Figure 6-10 and Figure 6-11. Therefore, the confined concrete strength and the 
corresponding strain for such columns can be calculated as follows:
= 1.0 + 4.547
f c o
/  , n  0.72
£ )
f c o j
Equation 6-20
Scc ~ £cn +0.0243] -4-CC CO I
\ j CO J
, \0 .9 1
Equation 6-21
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Figure 6-10: Relationship between effective lateral pressure and concrete core strength
fo r  GFRP RC columns
—1 1
♦
________ f i d =  1+4.547
_____________ ______________
R2 =0.86 
_____________
%
--------------------
178
Chapter 6 — Theoretical Analysis o f Circular Concrete Columns Reinforced with FRP
6000 
5000 
4000 
3, 3000
o
uf'
2000
1000
0
0 000
........  " " ■ I
♦
♦ -----
*L ..............-
r j = f co +0.0243 ( /y /c o )091
| R2 =0.91|%
_________________________ i-------------------1--------------------
0.025 0.050
/ ' ,  / / ’CO
0.075 0.100
Figure 6-11: Effect o f  lateral pressure on concrete core strain fo r  GFRP RC columns
On the other hand, the results of the analysis indicated that the coefficients a,b ,c  and d  
could be identified as 0.934, 0.39, 0.009, and 1.35, respectively, for CFRP RC circular 
columns, see Figure 6-12 and Figure 6-13. Therefore, the confined concrete strength and 
the corresponding strain for such columns can be calculated as follows:
J  cc
f '
J  CO
1.0 + 0.934
r p  n° 39Ji
f c o )
Equation 6-22
£cc = £co +0.009 ( 4
n I.35
U
Equation 6-23
CO J
where
f = K
2 f t f 4 f
sd„
Equation 6-24
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f co is the strength of unconfined concrete (plain) column calculated as 0.85 of the 
concrete cylinder strength ( / c) (Hognestad 1951) if  no test result o f plain concrete 
column is available, f ,  = the effective lateral confining pressure; ke value is calculated 
according to Mander et al. (1988) given in Equations 6-10 or 6-11 is the bend 
strength of FRP spirals or hoops and must be less than 0.004 E t f ; = modulus of
elasticity of transvers FRP spirals or hoops, -  cross sectional area o f FRP spirals or
hoops, s = vertical spacing between spiral or hoop stirrups;, and d core = concrete core 
diameter until stirrups centerline.
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Figure 6-12: Relationship between effective lateral pressure and concrete core strength
fo r  CFRP RC columns
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Figure 6-13: Effect o f  lateral pressure on concrete core strain fo r  CFRP RC columns
Comparison o f Proposed Model with Experimental Results
Experimental study has been conducted to evaluate the axial strength characteristics of 
concrete columns reinforced with GFRP and CFRP bars and spiral or hoops stirrups. A 
comparison is made between the experimental test results and the results obtained using 
the proposed models. Table 6-6 shows the results o f comparisons between the analytical 
predictions and the experimental data. As shown in Table 6-6, the ratio o f experimental to
predicted values of f a ranged between 94.4% and 107.8% for GFRP RC columns and
between 96.5% and 103.4% for CFRP RC columns. In addition, the ratio between 
experimental strains corresponding to peak concrete core stress to predicted concrete 
strain ranged between 88.7% and 106.8% for GFRP RC columns and between 94.7% and 
103.5% for CFRP RC columns. These results indicated that the proposed equations 
provided conservative and accurate predictions.
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Table 6-6: Experimental versus proposed model results
Specimen
/ /
MPa
Theo./Exp.
Specimen / /
MPa
Theo./Exp.
f e e *cc f e e £cc
G8V-3H80 1.219 0.955 1.018 C10V-3H80 3.225 1.034 1.035
G4V-3H80 0.865 1.037 1.001 C6V-3H80 2.534 1.009 1.027
G12V-3H80 1.399 0.944 1.010 C14V-3H80 3.531 1.011 0.947
G8V-2H80 0.556 1.008 0.994 C10V-2H80 1.562 0.997 1.025
G8V-4H80 2.066 0.988 1.068 C10V-4H80 5.640 1.008 1.003
G8V-3H40 3.186 1.078 0.887 C10V-3H40 9.215 0.987 1.013
G8V-3H120 0.618 1.028 0.924 C10V-3H120 1.515 0.993 0.990
G8V-2H35 2.173 1.041 0.945 C10V-2H35 5.012 0.990 1.009
G8V-4H145 0.789 1.035 0.978 C10V-4H145 1.838 0.981 0.975
G8V-30200 0.867 0.966 1.040 C10V-30200 1.890 1.028 0.979
G8V-30400 1.073 0.953 1.066 C10V-30400 2.555 0.983 1.003
G8V-30600 1.190 0.958 1.045 C10V-30600 3.175 0.965 0.965
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6.7.2 M odified M ander et a l.’s M odel
In the following section, the Mander et al.’s 1988 model (Equation 6-5 and Equation 6-6) 
is adopted and modified to account for the confinement effectiveness o f circular columns 
with GFRP and CFRP spirals or hoops. The basic form of the confinement model should 
remain as close to the original Mander et al.’s 1988 model as possible, because it is easy 
to use and designers and researchers are familiar with it. Mander et al.’s (1988) 
confinement model has been adopted based on the “five-parameter” multi-axial failure 
surface criteria described by William and Wamke (1975) and reported by Bing et al. 
(2001). Where, the tensile and compressive meridians are expressed as follows:
Y = ° o +«,% l +*2
J CO j  CO V -fco J
at 0 = 0 degrees (tensile meridian)
V
Equation 6-25
Equation 6-26^  = b0+ b .- ^ -  + b2, — r4 * I +J CO J CO \  j  CO J
at 0 = 60 degrees (compressive meridian)
Where eroctand ^ re p re se n ts  the mean distribution o f normal and shear stresses, while, 
b0, by and b2 are constants and can be obtained from experimental results.
Because attention is paid only to the compressive meridian, the equation o f compressive 
meridian can be transformed as follows:
—  = <r, + 'T ,+ g i = ^ _ | £  Equation 6-27
J CO J CO j  CO
Where <J,, c 2 and cr3 are normal stresses in x, y  and z directions, respectively.
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Equation 6-28
For triaxial case a x = <r2 = / , ,  then:
)2 Equation 6-29
Substituting Eq. (28) into Eq. (29)
In this study, a regression analysis based on the interpretation o f the test results of GFRP 
and CFRP RC columns to modify the / / / //v a lu e  used to calculate/ / , .  Because the test
results cover both confined columns with CFRP and GFRP spirals or hoops, Equation 6-5 
proposed by Mander, et al. 1988 was adopted for modification. The results o f regression 
analysis indicated that,b0 = —0.159, bx — —2.541 and b2 = —1.994 can be proposed for 
GFRP RC columns. By replacing these constants in Equation 6-30 the peak concrete 
compressive strength for GFRP RC columns can be written as:
f ' c c = f ' c o  -0.85 + Jo. 17 + 6.43 Equation 6-31
Also, the concrete strain scc corresponding to f cc can be calculated using Equation 6-4 
with replacing k 2 by 17.46, so £cc can be calculated as follow:
«„=*„(! + 17 .4 6 /) Equation 6-32
J CO
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On the other hand, the results of regression analysis indicated that,b0 = -0 .159 , 
6, =-2.541 and b2 = -1 .994  can be proposed for CFRP RC columns tested in this study. 
So, the peak concrete compressive strength for CFRP RC columns can be written as:
f  = fJ cc J c
■ t
-0 .8 5 + 1 6 .3 8 -^
/«
f
- 2 —!— Equation 6-33
f  CO
Also, the corresponding concrete strain is given as follows: 
f
£cc = eco (1+ 2-42 Equation 6-34
•fco
Comparison o f Modified Mander et a l ’s Model with Experimental Results
Figure 6-14 presents the ratios o f the experimental maximum confined concrete stress ( 
fee,exp) to the predicted confined stress ( fcC,Pred) of the FRP RC specimens using the 
Mander et al. (1988) equation and the modified Mander et al. equation. Moreover, 
Figure 6-15 presents the ratios of the experimental maximum confined strain (£cc>otp)
versus the predicted confined strain ( £CCiPred)  o f the GFRP and CFRP RC specimens 
using the Mander et al. (1988) equation and the modified Mander et al. equation. The 
effective lateral confining pressure ( f j f ) was calculated based on the former explanation 
for Eq. 20. The strengths of the GFRP/CFRP spirals or hoops at ultimate were taken 
equal to the lesser of the bend strength or 0.004 E y . The ratios o f the experimental
confined stress to predicted values ( ^ jexp/ f^pm t)  using Mander et al. (1988) ranged 
from 1.22 to 1.10 for the GFRP RC columns. Moreover, the ratios o f the experimental 
confined strain to predicted values (£cc>exp/ £ cc,Pred) using Mander et al. (1988) ranged 
from 0.91 to 0.67. These values indicate that the Mander et al. equation provided
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inaccurate predictions o f the confined stress and strain o f the tested FRP RC columns. On 
the other hand, it was found that the ratios of the experimental confined stress to
predicted values ( f ^ a p   ^fL.pred) using the modified Mander et al. equation ranged from
1.05 to 0.95, while the ratios of the experimental confined strain to predicted values (
c^c.exp ! £cc,pnd) using the modified Mander et al. equation ranged from 1.11 to 0.95. These
values indicate that the modified Mander et al. equation provided accurate and 
conservative predictions of the confined stress and strain over the range o f variable 
parameters investigated in this study.
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Figure 6-14: Comparison between experimental and analytical Mander confinement
concrete stress model
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Figure 6-15: Eexperimental versus analytical modified Mander et al. ’s model concrete
strains results
6.7.3 Development o f  Stress-Strain Relationship for FRP-RC  
Circular Columns
Reinforced concrete columns subjected to axial compression load exhibits lateral 
expansion due to Poisson’s effect up to the rupture o f the transvers reinforcement. In 
general, large higher axial compressive strain o f the column requires greater amount of 
confining reinforcement to achieve ductile performance. Test results o f dilation and 
volumetric strain behavior of tested FRP RC columns clearly indicated that confinement 
produced by FRP spirals or hoops leads to enhancement o f concrete strength under axial 
loading. In addition, use of FRP spirals or hoops in columns improved ductility o f 
concrete. In concrete columns confined with steel hoops, spirals or hoops, the lateral 
confining stress remains basically unchanged or increases insignificantly with expansion
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of concrete after the yielding of steel (Cui and Sheikh 2010). As, FRP reinforcing bars 
behave in a linear elastic manner up to failure. This is not the situation as in case o f 
concrete columns reinforced with FRP reinforcements. Also, the test results o f FRP 
confined concrete obtained from the circular columns tested in this study shows that the 
steel-based model such as Mander et al. 1988 does not sufficiently reflect the behavior o f 
confined concrete.
The modeling o f stress-strain relationship is necessary for analysis and design in order to 
assess the deformability and ductility o f concrete columns. This analysis required an 
analytical stress-strain relationship model o f concrete in compression for both confined 
and unconfined states. In this study, a general mathematical model will be developed to 
describe the stress-strain ( f c — £c) relationship o f FRP circular RC columns. The
relationship accounts for the main parameters that influence the stress-strain response 
such as; amount o f longitudinal reinforcement, transverse reinforcement configuration, 
volumetric ratio of transverse reinforcement to concrete core, and mechanical properties 
o f longitudinal and transverse reinforcement. Figure 6-16 shows the proposed stress- 
strain curve of FRP confined concrete columns. The curve consists from two branches: 
ascending branch (pre-peak zone) and descending branch (post-peak zone). The proposed 
stress-strain relationship needed to construct the two branches of FRP RC columns is 
described in the following sections.
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Figure 6-16: Schematic o f  confinement stress-strain relationship
6.7.3.1 Ascending Branch (Pre-Peak Zone)
In the case of monotonic compression loading, the ascending branch has small confining 
effects which are negligible due to passive confinement o f transverse reinforcement and 
small transverse strain. Therefore, it is acceptable to use an existing stress-strain model 
for concrete columns confined with steel reinforcement for ascending branch. Last 
decade, a number o f stress-strain models have been proposed. Most o f existing models 
employ the following axial stress-strain equation originally proposed by Popovics (1973).
For < £
f  XT
f c = — - -----  Equation 6-35
r - 1 + x
x  = —  Equation 6-36
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Equation 6-37
Where E c = modulus o f elasticity o f concrete equal to 4 , 5 0 0 , E ^  is the secant 
modulus of elasticity of confined concrete and can be determined from
In 2001, Bing et al. proposed more detailed curve to simulate the stress-strain relationship
(Zone AB in Figure 6-16) where the confining restraint provided by the spirals was 
activated and the column was again able to carry increased load until the concrete core 
reached its maximum s tre ss /^ . In this study, the Bing et al.’s (2001) model was adopted 
for the ascending part o f the proposed stress-strain relationship of the FRP confined 
concrete as follows:
Equation 6-38
( f c ~£c ). The proposed curve was divided in the ascending branch to two zones. The first 
zone OA (see Figure 6-16) is before reaching f co considering uncracked concrete cross 
section and neglecting the contribution o f reinforcement. The second zone behind f co
For 0< £c <£co
Equation 6-39
CO
Equation 6-40
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Where f 'cc = compressive strength o f confined concrete calculated from Equations 6-20 
and 6-22 and £cc= concrete strain corresponding to f a calculated from Equations 6-21 
and 6-23.
Because the complicated characteristics o f descending branch which is controlled 
independently, it is easier to adjust the stress-strain model curve with the experimental 
results. Based on the regression analysis o f the test results obtained from this study, 
Fafitis and Shah’s (1985) model is modified to present the descending part o f FRP RC 
columns is proposed as follows:
Where a and b are constants and values related to experimental results. Fafitis and Shah
experimental results o f GFRP RC specimens tested in this study, these constants were 
suggested as follow:
6.7.3.2 Descending Branch (Pre-Peak Zone)
Equation 6-41
b Equation 6-42
b =ax+ai if', f f ' cof Equation 6-43
(1985) suggested fl = ln0.5£ccAand6 = 0.58 + 1 6 (./j/  f a>') • Based on interpolation o f the
a  = -0 .0 7 5 ^ ' Equation 6-44
b = 2 4 .0 6 -2 3 .7 2 (^ 7  f j f * " Equation 6-45
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While for CFRP RC columns these constants can be predicted from
a = -0 .0 0 9 sJ Equation 6-46
* = 24 .90-22.82(y;7/OTp ,6 Equation 6-47
Comparison between Predicted Stress-Strain Relationship and 
Experimental Results
The accuracy of the proposed equations for the GFRP and CFRP RC columns tested was 
verified by comparing the predicted stress—strain curves to the experimental results. 
Figure 6-17 and Figure 6-18 show the comparisons of the experimental and analytical 
curves for the tested specimens. The compared test results cover a wide range o f the 
volumetric ratio of GFRP/CFRP spiral reinforcements. These values ranged from 0.7 % 
to 2.5 %. Similarly Figure 6-17 and Figure 6-18, the proposed equations show good 
correlation with the stress-strain relationship established experimentally for the GFRP 
and CFRP RC columns. Moreover, in the case of well-confined concrete, a  and b are 
large and produce a smooth convex falling branch. On the other hand, in the case of 
poorly confined concrete, a and b are small and produce a steep concave falling branch. 
In general, the comparisons indicate satisfactory correlation between the theoretical and 
experimental stress-strain relationship for the FRP RC columns.
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Figure 6-17: Experimental versus proposed stress-strain curves o f GFRP RC specimens
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6.8 Concluding Remarks
Based on the results of this investigation, the following conclusions can be drawn.
1. The GFRP and CFRP RC columns behaved similarly to the steel RC columns and 
exhibited linear load-strain behavior in the ascending part up to 85% o f their peak 
loads.
2. The experimental evidence o f the present study indicated that the use o f FRP 
spirals and hoops as lateral reinforcement, in accordance with CSA S806-12 
limitations, effectively confined the concrete core in the post-peak stages.
3. FRP circular hoops were found to be as efficient in confining concrete as spirals. 
The GFRP and CFRP RC columns with spirals attained 1.3% and 2.2%, 
respectively, higher strength than their counterpart specimens confined with 
hoops, with an insignificant increase in ductility and confinement efficiency.
4. The GFRP and CFRP bars developed up to 0.4% and 0.7 % compressive strain, 
confirming that the FRP bars were effective in resisting compression until after 
crushing of the concrete.
T?
5. Limiting FRP hoop tensile strength to 0.004 its elastic modulus ^  leads to 
conservative predictions for the confined concrete compressive strength.
6. New confined models are proposed for the GFRP and CFRP RC columns. The
proposed model is based on Mohr-Coulomb’s failure criterion theory in that is 
proportional to fl in nonlinear trend. Compared with the test results, the proposed 
model delivers more accurate predictions o f the ultimate stress and strain, 
particularly the strain.
7. Proposed modifications to the steel based confinement model Mander et al.’s 
1988 were presented for FRP RC columns. The modification is based on 
experimental findings, which represent the potential o f  empirical and semi- 
empirical formulations. The proposed equations were used to calculate the
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confined concrete stress and corresponding strain. The calculated confined 
concrete stress and corresponding strain were compared to the experimental ones. 
It was observed that the modified equations gave accurate predictions over the 
range of variables tested parameters investigated in this study.
8. New models for stress-strain relationship o f concrete columns confined either by 
GFRP or CFRP transvers reinforcements (spirals or hoops) with various 
configurations are proposed. The models show good correlations with the stress- 
strain relationship established experimentally for the GFRP and CFRP RC 
columns.
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CHAPTER 7
SUMMARY, CONCLUSIONS, A N D
RECOMMENDATION FOR FUTURE W ORK
7.1 Summary
The current research aimed to investigate the behavior o f circular concrete columns 
reinforced internally with FRP longitudinal bars and transverse stirrups. The work 
presented in this dissertation consists of two parts; the first part being an experimental 
study on the compression behavior o f concrete columns with internal GFRP or CFRP 
longitudinal bars and GFRP or CFRP spirals/ hoops reinforcements, while the second 
part, focusing on the analytical modeling o f the studied columns to investigate column 
performance for designer engineers.
The experimental program included a total of twenty seven full scale circular columns, 300 
mm diameter and 1500 mm height, tested to failure. The columns were tested under 
monotonically pure compression load. The effect of several parameters have been studied; 
type of reinforcement, longitudinal reinforcement ratio, the volumetric ratios, diameters, 
and spacing of spiral reinforcement, confinement configuration (spirals versus hoops), 
and lap length of hoops. The test results o f experimental investigation were presented and 
discussed in the form of; axial capacity, mode o f failure, concrete, longitudinal, and 
transverse strains, ductility, load/stress—strain response, and concrete confinement 
strength. These results were used to evaluate the validity of the confinement models and 
design equations of the North America codes and design guidelines. The proposed model, 
used in conjunction with reduction factor can be employed for the predication of GFRP and 
CFRP circular concrete columns’ capacities.
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The theoretical study is then introduced to verify the accuracy o f existing models and to 
predict of the performance of the circular FRP RC columns reinforced. The model takes 
into account the effect of many parameters such as; longitudinal reinforcement ratio; 
stirrup configuration; and the volumetric ratio, size, and spacing of spirals. The results 
obtained from each analysis were compared to the corresponding experimental results. Based 
on the results o f these comparisons and the experimental findings, new proposed 
equations for predicting the concrete confinement compressive strength and 
corresponding strains was presented. Also stress-strain relationships for FRP RC circular 
columns were proposed.
7.2 Conclusions
Based on the experimental and analytical results carried out in this research considering 
the previous parameters associated with this research program, the following general 
conclusions can be drawn:
7.2.1 Type of reinforcement
1. The GFRP, CFRP, and steel RC columns behaved in a similar manner and 
exhibited linear load-strain behavior in the ascending part up to 85% of their 
peak loads.
2. The axial capacities o f the GFRP RC columns were on average 7.0% lower 
than their steel RC counterparts. While, the CFRP RC columns resulted axial 
load capacities on average 5 % lower than their steel RC specimens.
3. The contribution o f FRP longitudinal bars were on average 8% and 13 % of 
column capacity for GFRP and CFRP RC specimens, respectively, which is 
close enough to steel’s contribution (15%).
4. Since GFRP reinforcement is more economical than CFRP bars, it is more 
attractive and recommended to be used in field applications.
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7.2.2 Longitudinal reinforcement ratio
5. The compression failure o f longitudinal FRP bars was by buckling or crushing.
6. The amount and distribution of longitudinal FRP reinforcement significantly 
affected column ductility, with a slight strength gain.
7. The GFRP and CFRP bars developed up to 75% compression strain confirming 
that the FRP bars were effective in resisting compression until after crushing of 
concrete.
8. Using a 0.35 reduction factor to account for the reduction in the compressive 
strength of the GFRP bars as a function o f their tensile strength provided 
accurate and conservative predictions o f the nominal capacity o f the tested 
GFRP RC columns. While, using 0.25 as a reduction factor for the CFRP RC 
specimens provided also accurate and conservative predictions o f the nominal 
capacity of the tested CFRP RC columns.
7.2.3 Spiral Size
9. The test observations indicated that, GFRP and CFRP RC columns failed in a 
brittle and explosive manner when confined with less than a 1.5% volumetric 
ratio. Failure of the GFRP RC columns was controlled by longitudinal bar 
buckling. In the other hand, failure of the CFRP RC columns was controlled by 
diagonal shear plane through the longitudinal bars and spirals.
7.2.4 Spiral Pitch
10. Among the test variables studied, pitch of lateral stirrups has a more 
pronounced effect on the behavior o f confined columns than the other 
parameters.
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11. The effect of FRP spiral pitch on confinement efficiency and ductility was 
much more pronounced than on strength capacity.
12. The increase in compressive strength o f columns and their ductility is related to 
way proportional to the volume of confined concrete core. It increases with 
decreasing spacing of the transverse reinforcement and increase the number of 
longitudinal bars which they retain.
7.2.5 Spiral Size/Pitch
13. The ductility and confinement efficiency of the concrete core can be improved 
by using smaller diameter FRP spirals with closer spacing than by using larger 
diameter spirals with larger spacing.
14. Smaller spirals with closer spacing offered sufficient restraint against buckling 
of the longitudinal GFRP bars.
15. The FRP specimens with closer spacing and smaller diameters showed ductile 
behavior in the post-peak stage, causing the column to fail in a more gradual 
manner than those with larger FRP spirals at larger spacing.
7.2.6 Stirrup configuration
16. The experimental evidences o f the present study indicated that the use o f FRP 
spirals and hoops according to CSA S806-12 limitations, as internal 
reinforcement confined very well the concrete core in the post-peak stages.
17. FRP circular hoops were found to be as efficient in confining concrete as 
spirals. The GFRP and CFRP RC columns with spirals attained 1.3% and 
2.2%, respectively, higher strength than that obtained in the counterparts 
specimens confined by hoops, with insignificant increase in the ductility and 
confinement efficiency.
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7.2.7 Hoops overlap length
18. The test results indicated that using splice length equal to 20 times the diameter 
o f hoops was sufficient to avoid pull-out or slippage failure in the GFRP and 
CFRP hoops.
7.2.8 Confinement model
19. Limiting FRP hoop tensile strength to 0.004 its elastic modulus EFRP leads to 
conservative predictions for the confined concrete compressive strength.
20. New confined models are proposed for the GFRP and CFRP RC columns. The 
proposed model is based on Mohr-Coulomb’s failure criterion theory in that 
f cc is proportional to f  in nonlinear trend. Compared with the test results, the
proposed model delivers more accurate predictions o f the ultimate stress and 
strain, particularly the strain.
21. Proposed modifications to the steel based confinement model Mander et al.’s 
1988 were presented for FRP RC columns. The modification is based on 
experimental findings, which represent the potential o f empirical and semi- 
empirical formulations. The proposed equations were used to calculate the 
confined concrete stress and corresponding strain. The calculated confined 
concrete stress and corresponding strain were compared to the experimental 
ones. It was observed that the modified equations gave accurate predictions 
over the range of variables tested parameters investigated in this study.
22. New models for stress-strain relationship o f concrete columns confined either 
by GFRP or CFRP transvers reinforcements (spirals or hoops) with various 
configurations are proposed. The models show good correlations with the 
stress-strain relationship established experimentally for the GFRP and CFRP 
RC columns.
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7.3 Recommendations for Future Work
Based on the findings and conclusions o f the current study, it is important to continue the 
research studies in this promising field, knowing that there is still a lot of work to do. 
Some of the recommendations for future point of research are:
1. Additional experimental works on large scale column recommended to be 
studied in future;
2. It is recommended to study the effect o f concrete strength',
3. Columns aspect ratio is one o f the most important parameter category have to 
be taken into consideration in the future work;
4. Performing other additional testing o f other concrete columns to validate the 
model proposed containment;
5. Performing tests on rectangular columns cross sections;
6. Testing FRP RC columns under different loads such as; eccentric compression 
and seismic loads.
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Resume, conclusions, et recommandation pour des travaux 
futurs
Resume
La recherche actuelle vise a etudier le comportement des colonnes circulaires en beton 
renforce avec des barres et des etriers de PRF. Le travail presente dans cette these se 
compose de deux parties. La premiere partie est constitute d’une etude experimentale sur 
le comportement en compression de colonnes circulaires en beton renforces avec des 
armatures en materiaux composites de polymeres renforces de fibres -PRF- 
(longitudinalement et transversalement). Deux types de barres longitudinales en PRF de 
verre (PRFV) et de carbone (PRFC) ont ete utilises; aussi, deux types d ’etriers (armature 
transversale) en PRFV et en PRFC, le premier constitue d ’un cadre circulaire et l’autre 
d’un cadre circulaire continu (spirale continue de forme circulaire) ont ete utilises. La 
deuxieme partie de la these comporte, quant a elle, des analyses numeriques.
Un programme experimental cible comprenant 27 colonnes en beton avec des dimensions 
de 300 mm de diametre et 1500 mm de hauteur, representatives des colonnes d ’usage 
pour les ponts routiers et ouvrages maritimes et dans le batiment a ete realise. Plusieurs 
parametres ont ete etudies, ces demiers sont lies majoritairement aux armatures 
transversales et a leur capacite a confiner le beton afin d’augmenter sa resistance en 
compression et sa deformabilite axiale (ductilite). Les colonnes ont ete testees sous une 
charge de compression monotone. Ainsi, deux types d ’etriers (armature transversale) en 
fibre de verre et en fibre de carbone, le premier constitue d ’un cadre circulaire et l’autre 
d’un cadre circulaire continu (spirale continue de forme circulaire) ont ete utilises. 
Differents espacements ont fait l’objet des essais. Les parametres lies a l’armature 
longitudinale etaient le taux dans la section de beton ainsi que le type de materiau : des 
barres en PRF de verre, de carbone et en acier ont ete utilisees. Un modele de 
confinement et des equations de calcul de la resistance en compression du beton confine
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ainsi que pour predire le comportement contrainte versus deformation pour les colonnes 
circulaires en beton arme de PRF sont proposes. Le modele mis au point tient compte de 
1’efFet de plusieurs parametres dont le type d’armature, la grosseur et l’espacement des 
cadres, etc. Trois articles dans des revues scientifiques avec comite de lecture ont ete 
publies a partir de ses resultats. Ce travail de recherche a repondu a un besoin important 
quant a l’amelioration des Codes et guides traitant du comportement en compression des 
colonnes en beton arme de PRF.
Conclusions
Sur la base des resultats experimentaux et analytiques obtenus dans cette, les conclusions 
suivantes peuvent etre enoncees:
• Type d’armature
1. Les colonnes armees de PRFV, PRFC, et l'acier se sont comportees de la meme 
maniere et ont affiche un comportement charge - deformation lineaire dans la 
partie ascendante jusqu'a 85% de leurs charges maximum.
2. Les capacites axiales des colonnes armees de PRFV ont montre une resistance 
de 7,0% en moyenne inferieure a celle des colonnes armees d ’acier. Les 
colonnes armees de PRFC ont montre, quant a elles, une resistance de 5% de 
moins que celles d ’acier.
3. La contribution des barres longitudinales en PRF representent en moyenne 8 % 
et 13 % de la capacite totale des colonnes armees PRFV et PRFC, 
respectivement; 1’armature d’acier a montre une contribution de 15%), ce qui 
est tres proche de celles des PRF.
• Taux d'Armature Longitudinale
4. La rupture en compression des barres longitudinales en PRF s ’est produite par 
flambage ou ecrasement.
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5. Le taux d’armature des barres longitudinales affectent de maniere significative 
la ductilite de la colonne, avec un leger gain de resistance.
6. Les barres longitudinales en PRFV et PRFC ont r^siste jusqu’a des 
deformations axiales 75%, confirmant que les barres de PRF ont ete efficaces 
pour resister aux charges axiales et ce jusqu’a l’ecrasement du beton.
7. L'utilisation d'un facteur de reduction de 0,35 pour tenir compte de la reduction 
de la resistance a la compression des barres PRFV en fonction de leur 
resistance a la traction foumi des predictions precises et conservatrices de la 
capacite nominale des colonnes testees en PRFV. Alors, en utilisant une valeur 
de 0,25 comme un facteur de reduction pour le PRFC foumi egalement des 
predictions precises et conservatrice de la capacite nominale des colonnes 
testees en PRFC.
•  Grosseur des etriers (cadres)
8. Les essais realises ont montre les colonnes armees de PRFV et PRFC avec un 
taux volumetrique inferieur a 1,5 % ont rompu de maniere fragile et brutale. La 
rupture des colonnes de PRFV s’est produite par flambage des barres 
longitudinales, tandis que celles de PRFC, elle s’est produite par un plan de 
cisaillement diagonal.
•  Espacement des cadres
9. L’espacement des cadres de PRF est le parametre le plus important affectant le 
comportement des colonnes en beton arme de PRF
10. L'effet de l’espacement des cadres est beaucoup plus prononce sur le 
confinement et la ductilite que sur la resistance de la colonne
11. L'augmentation de la resistance a la compression des colonnes et leur ductilite 
est liee de fa?on proportionnelle au volume du noyau de beton confine. Elle
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augmente avec la diminution de l'espacement de l'armature transversale et 
augmente avec le nombre de barres longitudinales.
• Diametre des etriers (cadres) et leur espacement
12. La ductilite et le du beton peuvent etre ameliorees en utilisant des cadres de 
grosseurs reduites avec un espacement plus rapproche que par l'utilisation des 
cadres de plus grand diametres avec un espacement plus large.
13. Des cadres de grosseur reduite avec un espacement plus rapproche permet aux 
barres longitudinales d ’avoir une meilleur resistance au flambage
• Configuration des etriers
14. Les resultats experimentaux de la presente etude ont indique que l'utilisation de 
cadres de PRF conformement a la norme CSA S806 -12 permet un bon 
confinement du beton de la colonne dans les phases post-pic.
15. Les cadres circulaires de PRF ont demontre des performances aussi bonnes que 
celles des cadres circulaires continus en spirale. Ainsi les colonnes renforcees 
de cadres circulaires continus en spirale de PRFV et PRFC ont atteint des 
resistances de 1,3% et 2,2%, de celles des colonnes renforcees de cadres 
circulaires, respectives avec une augmentation significative de la ductilite.
• Longueur de chevauchement de cadres circulaires
16. Les resultats des essais ont montre que l'utilisation d’une longueur de 
chevauchement egale a 20 fois le diametre du cadre circulaire de PRF etait 
suffisante pour eviter le glissement au niveau du chevauchement.
• Modele de Confinement
17. Limiter la deformation axiale de l’armature transversale (cadre) de PRF a 
0,004 permet de predire une resistance securitaire.
18. Le modele de confinement mis au point donne de tres bonnes predictions.
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19. De nouveaux modeles exprimant la relation contrainte-deformation des 
colonnes en beton confines soit par des cadres de PRFV ou PRFC ont ete 
proposes. Les modeles mis au point montrent une bonne concordance avec les 
resultats obtenus dans le cadre de cette these.
Recommandations pour des travaux futurs
Les recommandations suivantes peuvent emises pour des travaux futurs :
1. Effectuer des essais sur des colonnes de plus grandes dimensions de sections 
circulaires ou rectangulaires
2. Examiner l’effet de la resistance en beton sur le comportement de colonnes en 
beton arme de PRF
3. Examiner le comportement de colonnes ayant differents elancements
4. Valider le modele de comportement mis au point par d’autres essais sur 
colonnes en beton arme de PRF
5. E valuer le comportement des colonnes sous charges excentrees et laterales 
pour simuler le comportement sous charges sismiques.
208
Annex A
ANNEXA
NORTH AMERICAN CODES REQUIREMENTS
Longitudinal Reinforcement
• A C I318-11
Clause 7.6.3: In spirally reinforced or hooped reinforced compression members, clear 
distance between longitudinal bars shall be not less than 1.5 db [24mmJ nor less 1-1/2 in 
[38mm].
Clause R10.9.1: Minimum reinforcement ratios o f 0.01 were recommended for spiral and 
hooped columns. Maximum reinforcement ratios o f 0.08 and 0.04 were recommended for 
spiral and hooped columns, respectively.
Clause R10.9.2: Minimum number of longitudinal reinforcing bars in compression 
members shall be 4 for bars within rectangular or circular hoops, 3 for bars within 
triangular hoops, and 6 for bars enclosed by spirals.
• CSA A23.3-04
Clause 10.9.1: The area of longitudinal bars for compression members shall be not less 
than 0.01 times the gross area, Ag, o f the section.
Clause 10.9.2: The area of longitudinal bars for compression members, including regions 
containing lap splices, shall not exceed 0.08 times the gross area o f the section.
Clause 10.9.3: The minimum number of longitudinal reinforcing bars in compression 
members shall be six for bars enclosed by spirals.
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• CAN/CSA S6-06
Clause 4.7.4.2,2: The area o f longitudinal reinforcement shall not be less than 0.008 or 
more than 0.06 times the gross cross-sectional area, Ag, o f the column. The centre-to- 
centre spacing of longitudinal bars shall not exceed 200 mm.
Transverse Reinforcement
• A C I318-11
Clause R7.10.4: For practical consideration in cast-in-place construction, the minimum 
diameter o f spiral reinforcement is 3/8 in [9.525mm].
Clause 7.10.5.2: Vertical spacing of hoops shall not exceed 16 longitudinal bar diameters 
1254 mml. 48 hoop bar or wire diameters 1457 m m l. or least dimension of the 
compression member 1300 m m l.
Clause 10.9.4: Volumetric spiral reinforcement ratio shall be not less than the value given
• ACI 440.1R-06
Clause 7.2.1: The design tensile strength o f FRP bars at a bend can be determined as
by:
p«= [0,91%]
f n , =  817.25 MPa
211
Annex A
CSA A23-3-04
Clause 10.9.4: The ratio of spiral reinforcement shall be not less than the value given by
Ps °«[£ f ' r p« = 0,91 %
CAN/CSA S6-06
Clause 4.7.4.2.5
Ps = 0.12
f'r 0.5 +
1.25 pf 
<Pc f c-Ag
p « =  1 .1 7 %
Clause 8.14.4.2 Spirals: Spiral reinforcement shall extend over the full length o f the 
compression component. The maximum certtre-to-centre spacing shall not exceed six 
times the diameter o f the longitudinal 157.2mml bars or 150 mm. whichever is less. The 
clear spacing shall not be less than 25 mm and not less than 1.33 times the maximum size 
of the coarse aggregate.
0.5 +  1.25 Pf
<Pc f c^g.
p .=  0,91%
CAN/CSA S806-12
Clause 8.4.3.2: FRP spirals for compression members shall conform to the following:
a) Spiral reinforcement shall have a minimum diameter o f 6 mm. 10«P >6mml
b) Pitch or distance between turns o f the spirals shall not exceed 1/6 o f the core 
diameter. fS> 50mml
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c) Clear spacing between successive turns o f a spiral shall not exceed 75 mm. fS<
e) the volumetric ratio o f spiral reinforcement shall be not less than the value given
Clause 12.7.2: Transverse reinforcement shall be spaced at distances not exceeding the 
least of the following:
a) One-quarter of the minimum member dimension. [S<75mm]
b) 150 mm.
c) 6 times the diameter o f the smallest longitudinal bar. [S<95mm]
d) The requirements of Clauses 8.4.3.2.
Overlap Length
• ACI 440.1R-06 
Clause 11.4 Tension Lap Splice
75mml
d) 25 mm. | 0 <n <25mm]
by:
13.6 +  -r-
ld = 500 mm
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Clause 12.2.2
Ab >  300 mm = 397 mm
•  CAN/CSA S6-06
Clause 8.15.2.2 Development Length: The development length, Id, of reinforcing bars and 
deformed wire in tension shall be calculated as
•  CAN/CSA S806-12
Clause 9.3.3 Development Length: The development length, Id, o f  bars in tension may be 
taken as
It =  393  m m
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